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identifying a first attitude of the moving platform iﬂ
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hhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhh

Calculating a second altitude of the moving platiorm | :
using IMU measurements, the IMU being installed on| /‘” \ -~ 1490
‘ the moving platform ﬂ

Calculating a delta attitude from a difference

cetween the first altitude and the second attitudes /\ 1430

. Removing natural error from the delta attitude usmg
' a first low pass filler to producs an angular
misalignment value between axes of the MU and
axes of the moving platform

;5-'"'“\

— 1440

Dietermining a total misalignmeant value by adding the
‘ anguiar m;sailgnm@nt vaiue te::s & baseime
misaﬂlgnmeni vaiue for subsequent attitude :

measuremenis of the moving piatform in order {o P’\M 1450
i produce supstantially accurate athitude " -
measurements of the movi NG plattorm when the axes
of the IMU are misaligned with the axes of the mwmg
* platform

FIG. 14
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Calculating a current attitude of the platform using |
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1

Removing natural error from the delta aftitude to |
produce an angular misalignment value between 7\~ 1530
axes of the IMU and axes ¢f the platiform
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Determining a total misalignment value by adding the

‘ angutar misalignment valueg 10 a baseline T aman
misaiignment value P 1040

¥
Performing attitude measurements of the platform
- using the tolal misalignment value, whereinthe
misalignment between the IMU and the platform is ﬂLf EEQ
‘ effectively cormrectad when using the otal o o
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Calculating an astimatad baseline vector between a
temporary navigation sensor and each fixed
navigation sensor in a group of fixed navigation
sensars, the temporary navigation senser being [ L~ 4740
temporariy placed on the physical platform, the tixed
navigation sansors ey instalied on the physical
olatform
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. Successively calculating a refined baseling vector
- between the temporary navigation sensor and each
- fixed navigation sensor by fixing carrier phase - 1720
nteger ampiguitias that are variables used in the
estimation of the Dassline vector
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Genarating a final survey vector between the |
temporary navigation sensor and eacht of the fixed ;*’\/ 1730
navigation sensors using the refined baseline vector |
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Computing an sstimated baseling vector between
each pair of sensors on the physical platform, the
sensors being mounted on the physical platform
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Calculating a refined bassline vector between the
patr of senscrs by correcting carrier phase integer v\~ 1820
ambiguities i the esiimated basshne vector

Comparing the refined baseline vector {0 a
L previously surveyed basealing vector for the pair of
| sensors, the comparison producing a survey error of 17\~ 1830
. the refined baseline vector with respect {o the
previously surveyed baseline vector

FIG. 18
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each pair of global positioning system (GPS) sensors|
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{ pair of GRS sensors by correcting carrier phase
L integer ambiguities in the estimated baseline vector, Y\ 1920
| the carrier phase integer ambiguities peing fixed
LUSINgG an extemat source

.
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.

Comparing the refined baseline veclori{o a
praviously surveyed hassaling vector for the pair of
L GPS sensors, the comparison producing a time- 7 - 1930
{ dependent flexure motion vector betwsen the pair of
: GPS sensors
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points on the structure(s) T 2010

|

Using the existing surveyed basealine vector between \ . oot
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Calculating a refined baseling vector between the
pair of 38nsors by correcting carner phase integer
ambiguities in the estimation of bassline vector, the
carrier phase integer ambiguities being fixed at the
shortest fixable wavelength using a subset of fixed
navigation sensors instalied on the structure(s}

Comparing the refined baseling veclortoc a
praeviously surveyed baseling vector for the pair of
sensors, the compariscon producing a time- N\~ 2040
dependent relative molion vector between the two
instaliation ponts associated with the pair of sensors
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SENSOR INSTALLATION MONITORING

GOVERNMENT LICENSE RIGHTS

This invention was made with government support under
Contract No. N0O0019-08-C-0034 awarded by United States
Navy. The government has certain rights in the invention.

BACKGROUND

Precision navigation systems can be used for aircraft
landing systems, such as landing aircrait on a moving
plattorm, Local Area Augmentation System (LAAS) or
Ground Based Augmentation System (GBAS). A precision
aircraft landing system 1s a navigation aid that can assist
aircrait i landing 1n a wide range of environments. For
example, the aircrait landing system can guide the aircraft to
a landing platform onboard a ship or to a makeshift airfield.
The aircraft landing system can provide real-time difleren-
t1al correction of GPS signals to aid the aircrait 1n landing on
the landing platform. Differential GPS can provide
improved location accuracy, such as from the 15-meter
nominal GPS accuracy to approximately 10 centimeters
(cm). Local reference receivers, such as global positioning
system (GPS) sensors can be installed on the landing plat-
form. The landing platform can be at an airport or onboard
an aircrait carrier. The local reference receivers can be
located around the landing platform at precisely surveyed
locations.

In one example, the aircraft landing system can include at
least three local reference receivers (e.g., GPS sensors or
GPS receivers), a central processing system, and a trans-
mitter, such as a very high frequency (VHF) data broadcast
(VDB) transmitter. The local reference receivers can receive
GPS signals from a plurality of GPS satellites. Each local
reference receiver can measure a time ol transmission
between a GPS satellite and the local reference receiver and
a travel distance of the GPS signal. The aircraft landing
system can compare the measured distance with an actual
distance based on a broadcast satellite position and a true
local reference receiver position. A correction value can be
determined based on a difference between the measured
distance and the actual distance. The correction value can be
used to formulate a correction message, which can be
transmitted to a receiver onboard the aircrait via the VDB

transmitter. The recerver onboard the aircraft can use the
correction message to more accurate compute the aircrait’s
GPS position, velocity and time to guide the aircraft satety
to the landing platform.

BRIEF DESCRIPTION OF THE DRAWINGS

Features and advantages of the disclosure will be apparent
from the detailed description which follows, taken in con-
junction with the accompanying drawings, which together
illustrate, by way of example, features of the disclosure; and,
wherein:

FI1G. 1 1llustrates a moving platform (e.g., a ship) with an
inertial measurement umt (IMU) 1n relation to a three
dimensional coordinate system i1n accordance with an
example;

FI1G. 2 1s a flowchart illustrating a technique for correcting,
a misalignment between axes of an inertial measurement
unit (IMU) and axes of a moving platform in accordance
with an example;
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2

FIG. 3 1s a diagram 1llustrating a technique for correcting
a misalignment between axes of an inertial measurement
umt (IMU) and axes of a moving platform in accordance
with an example;

FIGS. 4A-4B are diagrams illustrating techniques for
correcting a misalignment between axes of an 1nertial mea-
surement unit (IMU) and axes of a moving platform 1n
accordance with an example;

FIG. 5 illustrates a temporary navigation sensor and a
plurality of fixed navigation sensors that are installed on a
landing platform 1n accordance with an example;

FIG. 6 1s a flowchart illustrating a technique for surveying
a distance between navigation sensors that are installed on a
landing platform 1n accordance with an example;

FIG. 7 1s another flowchart illustrating a technique for
surveying a distance between navigation sensors that are
installed on a moving platform 1 accordance with an
example;

FIG. 8 1s yet another flowchart 1llustrating a technique for
surveying a distance between navigation sensors that are
installed on a landing platform 1n accordance with an
example;

FIG. 9 illustrates a plurality of navigation sensors that are
installed on an 1nstallation platform 1n accordance with an
example;

FIG. 10 1s a flowchart 1llustrating a techmque for moni-
toring an accuracy of an existing survey between installed
navigation sensors on a moving platform in accordance with
an example;

FIG. 11 1s a flowchart illustrating a technique for moni-
toring an amount of flexure of a moving platform in accor-
dance with an example;

FIG. 12A 1s a flowchart illustrating a technique for
monitoring an amount of flexure of a moving platform and
monitoring an accuracy of surveys between installed navi-
gation sensors on the moving platform in accordance with an
example;

FIG. 12B 1s an additional flowchart illustrating a tech-
nique for monitoring an amount of flexure of a moving
platform and monitoring an accuracy of surveys between
installed navigation sensors on the moving platform 1n
accordance with an example;

FIG. 13 1s a flowchart 1llustrating a technique for survey-
ing a distance between a pair of navigation sensors 1in
accordance with an example;

FIG. 14 depicts a flow chart of a method for correcting a
misalignment between an 1nertial measurement unit (IMU)
and a moving platform in accordance with an example;

FIG. 15 depicts a flow chart of another method for
correcting a misalignment between an mertial measurement
unit (IMU) and a platform 1n accordance with an example;
and

FIG. 16 1llustrates a system for correcting a misalignment
between an inertial measurement unit (IMU) and a platform
in accordance with an example.

FIG. 17 depicts a flow chart of a method for surveying
sensor locations on a physical platform in accordance with
an example;

FIG. 18 depicts a flow chart of a method for verifying
survey results for sensors on a physical platform 1n accor-

dance with an example;

FIG. 19 depicts a flow chart of a method for monitoring,
flexure of a physical plattorm 1n accordance with an
example; and
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FIG. 20 depicts a flow chart of a method for monitoring
small relative movement within an otherwise rigid structure
or between otherwise relatively stationary structures 1in
accordance with an example.

Reference will now be made to the exemplary embodi-
ments illustrated, and specific language will be used herein
to describe the same. It will nevertheless be understood that
no limitation of the scope of the invention 1s thereby
intended.

DETAILED DESCRIPTION

Betore the present invention 1s disclosed and described, 1t
1s to be understood that this invention i1s not limited to the
particular structures, process steps, or materials disclosed
herein, but 1s extended to equivalents thereol as would be
recognized by those ordinanly skilled 1n the relevant arts. It
should also be understood that terminology employed herein
1s used for the purpose of describing particular examples
only and 1s not intended to be limiting. The same reference
numerals i different drawings represent the same element.
Numbers provided 1n flow charts and processes are provided
for clarity 1n 1llustrating steps and operations and do not
necessarily indicate a particular order or sequence.

Example Embodiments

An 1nitial overview of technology embodiments 1s pro-
vided below and then specific technology embodiments are
described in further detail later. This initial summary 1is
intended to aid readers in understanding the technology
more quickly but 1s not intended to identify key features or
essential features of the technology nor 1s 1t intended to limat
the scope of the claimed subject matter.

Traditional precision navigation systems can provide vital
services for military and civilian usage. For example, tradi-
tional precision navigation systems can be used in aircraft
landing systems, such as landing aircraft on a moving
plattorm, Local Area Augmentation System (LAAS) or
Ground Based Augmentation System (GBAS). These sys-
tems can assist an aircraft in landing onto a landing platform.
For example, the aircrait can receive differential global
positioning system (GPS) information from an aircraft land-
ing system, and then use the differential GPS information to
more accurate compute the aircraft’s GPS position, velocity
and time to guide the aircraft safety to the landing platform.
The landing platform can be onboard a moving platiorm,
such as an aircrait carrier or another type of ship. Alterna-
tively, the landing platform can be on ground (e.g., at an
airficld). Performance standards for the aircraft landing
systems are becoming increasingly stringent. In one
example, landing aircraft on a moving platform 1s consid-
ered a high itegrity system when the likelithood of a faulty
navigation solution is less than 1x107".

A challenge 1n traditional precision navigation systems 1s
the sensor 1nstallation. The sensors can include GPS sensors/
antennas, inertial measurement unit (IMU) sensors or other
types ol navigation sensors. The navigation sensors can be
installed around the landing platform. The GPS sensors can
receive GPS signals from a plurality of GPS satellites. The
aircraft landing system can compare a measured distance
between a GPS satellite and a navigation sensor with an
actual distance between the GPS satellite and the navigation
sensor based on a broadcast satellite position and a true
position of the navigation sensor. The 1nitial position esti-
mate of the navigation sensor can be based on a previous
survey of the navigation sensor. For example, the survey can
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4

be performed during an installation of the navigation sensor.
A difference between the measured distance and the actual
distance can be provided to the aircraft, and the aircraft can
use this information to correct GPS signals receirved at the
aircraft. Thus, the navigation sensors on the landing plat-
form can provide high integrity navigation services for the
aircraft. High integrity assurance will minimize the likeli-
hood, to a specified threshold, of a faulty angular misalign-
ment, survey, tlexure result and/or navigation solution.

When 1nstalled on the moving platform (e.g., the aircraft
carrier), the precision navigations sensor location and IMU
orientation 1s to be accurately surveyed and aligned to
ensure that navigation sensor measurements correctly reflect
a motion of the moving platform. Therefore, an 1ncorrect
survey during the navigation sensor installation can prevent
the precision navigation system from meeting various per-
formance criteria. In addition, providing incorrect naviga-
tion iformation to the aircraft (e.g., due to misaligned
navigation sensors) can cause a hazard to the aircratt.

Traditional techniques for determining navigation sensor
locations can include a manual surveying process for each
navigation sensor. Existing survey techniques can be time
consuming and costly. There are a number of drawbacks 1n
traditional precision navigation systems. For example, a first
drawback 1s that performing angular alignment of the IMUs
to a standard tolerance (e.g., 0.002 degrees) 1s inherently
difficult and the traditional techniques often cannot meet the
stringent installation specifications for the precision naviga-
tion system. Traditional solutions to meet angular alignment
surveying standards can be time consuming, labor intensive,
expensive and iterative. In addition, these techniques can
involve performing an oflline process by a maintainer who
possesses expert knowledge in the precision navigation
system.

A second drawback in traditional precision navigation
systems 1s that manual survey ol navigation sensors in the
precision navigation system 1s a time consuming process.
There are certain time critical applications where a fast,
self-survey technique would greatly enhance current capa-
bilities. Rapid deployment of a mobile navigation system in
a battlefield or disaster relief situation 1s currently limited by
the time 1t takes to manually survey the proposed airfield. A
relatively fast (less than 1 hour) self-surveying system could
allow users (e.g., military and civil emergency teams) to
rapidly deploy a precision navigation system for support
aircrait.

A third drawback 1n traditional precision navigation sys-
tems 1s that navigation sensor locations on a moving plat-
form relative to its initial survey reference point can change
over time due to temperature variation and wear and tear of
the moving platform. Therefore, the mitial survey of each
navigation sensor may no longer be accurate over an
extended period of time. For high integrity precision navi-
gation systems, such as landing aircraft on a moving plat-
form, the survey measurements are to be accurate and
up-to-date. There 1s no existing practice to verily survey
accuracy after the initial mnstallation of the navigation sen-
sors other than to perform the costly, manual survey at
regular 1ntervals.

A Tourth drawback in traditional precision navigation
systems 1s that navigation sensors can move Ifrom their
default position over a short amount of time. For example,
the navigation sensors can move due to structure flexing on
the moving platform. For a high integrity and accuracy
navigation system, a small amount of flexing can lead to
sensor position errors that are larger than the survey require-
ments. In this scenario, the navigation sensor location can be
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monitored 1n real-time to mitigate the survey error caused by
the flexing. However, no existing techniques provide an
ability to monitor survey errors caused by flexure on the
scale necessary for precision navigation systems.

As described herein, a novel real-time sensor installation
monitor (RSIM) algorithm can mitigate the drawbacks
described above, as well as others not specifically identified
herein. The RSIM can utilize a high integrity attitude source
of three rotational angles (roll/pitch/yaw) 1n real time with

ultra-high accuracy. In one example, the attitude source can
be a Real Time Attitude Determination (RTAD) system.
RTAD 1s a differential GPS processing technology that can
provide ultra-high angular accuracy with high integrity.
RTAD can use multiple installed navigation sensors (e.g.,
GPS sensors) on the moving platform to eflectively deter-
mine and monitor sensor locations and orientations to within
1 cm and about 0.0015 degrees. Another important benefit 1s
that the RSIM can produce results having high integrity
assurance, which 1s needed for safety-critical applications.
High integrity assurance can result when a likelihood of a
faulty angular misalignment, survey, flexure result and/or
navigation solution is less than 1x107".

The novel RSIM mitigation solution can include separate
algorithms, for example, algorithms that correspond to each
of the different drawbacks discussed above. Although each
of these algorithms are described 1n greater detail below, a
brief description of each algorithm 1s provided as follows:

With respect to the first drawback described above, the
RSIM can provide an automatic angular alignment tech-
nique that meets a stringent angular tolerance and provides
high integrity assurance (e.g., 99.99999%) of the alignment.
Although 1t 1s a diflicult task to boresight (or angularly align)
an 1nstalled inertial measurement umit (IMU) to a very
precise tolerance, the RSIM can leverage highly accurate
differential GPS processing techniques to boresight the IMU
to a tolerance that 1s approximately 30 times more accurate
than that of conventional GPS/inertial solutions.

Since the attitude source (e.g., RTAD) can produce very
accurate angular information (roll, pitch and yaw), the RSIM
uses this RTAD result as a truth attitude source to perform
data averaging, apply boresight values to the IMU, and
verily post-boresight GPS/inertial results using a preset
tolerance. The process can repeat if necessary to reach a
desired stringent boresight tolerance. The entire process 1s
performed automatically without human intervention and
can replace existing manual and time consuming processes,
which can achieve less accurate results without high integ-
rity assurance.

With respect to the second drawback described above, the
RSIM can provide self-surveying capability by taking a
rough survey estimate and 1terating with ultra-accurate dit-
terential GPS measurements to converge on baseline vectors
between navigation sensors (e.g., GPS sensors), which can
result 1n a sub-centimeter sensor installation survey. Con-
ventional survey techniques can take too much time to
rapidly deploy a mobile precision navigation system. By
computing a rough estimated survey dataset or using exist-
ing survey information, the RSIM can provide a relatively
fast and precise navigation sensor seli-survey capability. By
mitially performing a rough survey determination through
differential GPS calculation and computing precision base-
line information, a relatively fast converging iterative pro-
cess can be used to reach a final precise survey within 1 cm,
hence providing a fast, automatic navigation sensor seli-
survey, aids 1n setting up a mobile precision navigation
system 1n a reduced amount of time.
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With respect to the third drawback described above, the
RSIM can monitor navigation sensor installation locations
by providing sub-centimeter measurements ol baseline vec-
tors between navigation sensors and comparing them to
survey 1nformation. The RTAD can solve for the three
rotational angles and simultaneously resolve carrier phase
integer ambiguity with high integrity. With the resolved
integer ambiguities, the three dimensional (3D) baseline
vector between a pair ol navigation sensors can be accu-
rately (1.e., to within 1 cm) determined. The 3D baseline
vector can be compared with the existing survey for con-
sistency and/or the survey can be updated accordingly. For
precision navigation applications, GPS antenna locations are
surveyed post-installation. However, it 1s desirable to peri-
odically verity the validity of existing survey results. There-
fore, the RSIM can leverage highly accurate differential GPS
processing techniques to verily and re-determine, 1f neces-
sary, the survey to within 1 cm.

With respect to the fourth drawback described above, the
RSIM can monitor and mitigate survey errors caused by
flexure 1 the moving platform by monitoring baseline
vectors over relatively small sample periods. When naviga-
tion sensors are 1nstalled on moving platforms, 1t 1s vital to
monitor relative flexure between each pair of navigation
sensors. A difference between a precise 3D baseline vector
(e.g., between a pair of navigation sensors) and the known
survey results over a period of time can be computed 1n
order to monitor the dynamic flexure of the moving platiorm
in real time. Thus, the RSIM can leverage highly accurate
differential GPS processing techniques to monitor flexure
with 1 cm accuracy.

The novel RSIM described herein can perform appropri-
ate signal processing to recursively and automatically reach
ultra-high accuracy boresight while utilizing RTAD’s results
as high accuracy attitude source. The novel RSIM described
herein can leverage RTAD’s resolved carrier phase integer
ambiguity and solve for the 3D baseline vector for any pair
of navigation sensors with high integrity. As a result, the
amount of time and labor 1n navigation sensor installations
can be reduced.

RSIM can be applicable for military use, non-military
civilian or commercial use, domestic use and/or interna-
tional use. RSIM can be used for surveying and verifying the
installation of differential GPS-based landing systems that
operate on moving aircrait runways (e.g., foreign/domestic
aircraft carriers or large surface ship-based landing sys-
tems). RSIM can be used for surveying and verifying the
installation of deployable or mobile GPS-based air traflic
control systems, while also reducing a survey time and cost.
RSIM can be used for surveying and veritying the installa-
tion of an ertial navigation system on an unmanned aerial
vehicle (UAV), while allowing for automated UAV opera-
tions on the ground (e.g., parking, taxiing, autonomous
refueling) and/or 1n the air. RSIM can be used for surveying
and verifying the installation of an inertial navigation system
on an unmanned ground vehicle, such as a seli-driven car.
RSIM can be used for precision inertial alignment of bal-
listic missiles. RSIM can be used for ship-based weapon
systems that utilize attitude measurements of ultra-high
accuracy. In addition, RSIM can be used for automatic
seli-survey to support rapid deployment of a mobile preci-
s1on navigation system 1in a battle field or 1 a civil emer-
gency deployment situation (e.g., disaster relief operations).
RSIM can also be used to precisely survey structures and
monitor tlexure 1n structures, such as bridges, with respect to
civil surveying.
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Therelfore, a first algorithm relates to angular misalign-
ment of navigation sensors to moving platforms, a second
algorithm relates to a self-survey of a sensor installation, a
third algorithm relates to a vernfication of existing sensor
surveys, and a fourth algorithm relates to monitoring of
structure flexure. As described below, each of the described
algorithms build off of modern high intensity relative posi-
tioming techniques.

Relative GPS Positioning

The algorithms brietly explained above utilize modern
high 1integrity relative positioning techniques. A relative
positioning concept used for RSIM 1s the use of Carrier
Phase (CP) measurements for relative positioning. The
mathematical background for high integnty CP relative
positioning 1s described below. In one example, there 15 a
reference (R) and an airborne or rover (A) GPS recerver,
cach simultaneously tracking the same n GPS satellites. A
GPS observable, O, 1s defined for the i GPS satellite,
1=1, . . ., n, which can be a raw or smoothed L1/L.2
Pseudorange (PR), an L1/L.2 carrier phase, or any linear
combinations thereof, such as a wide lane (WL) carrier
phase or a narrow lane (NL) code.

The single differenced (SD) observables between the
airborne and reference are defined as: SD,=0,"-0". To
form double differenced (DD) observables, 1=1 can be
chosen as the reference satellite (e.g., a highest elevation
satellite). The double differenced observables are formed
from single difference observables. The double diflerence
observables are defined as: DD, =SD_,.-SD,, and there are
n—-1 such observables. The main advantage of using the
double differenced observables 1s that both the receiver and
satellite clock biases along with other common-mode signal-
in-space errors drop out from the observation equations.
High integrity integer ambiguity resolution 1s another ele-
ment of a baseline vector calculation. The calculations start
with the previously computed double difference observa-
tions.

There are multiple types of double difference observations
that can be used. The types of double diflerence observations
include, but are not limited to, Wide-Lane (WL), L1, L2,
Narrow-Lane (NL), etc. In one configuration, the DD LL1 CP
and the DD NL PR can be used as the observations. This
combination of measurements 1s commonly used in high
integrity relative positiomng; typically the NL PR measure-
ments are smoothed with the L1 CP measurements using,
divergence-iree smoothing techniques. The L1 and NL
notation 1s used in the following examples, but can be
generalized for any wavelength or wavelength combination.
For a short baseline (e.g., less than 300 m) where residual
atmospheric errors can be neglected, a linearized set of
positioning equations 1s given by:
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wherein @, 1s the vector of DD L1 CP measurements, P
1s the vector of DD NL code measurements, G 1s the
differenced line of sight (LOS) geometry matrix, ox 1s the
error 1n the baseline vector between the airborne/rover user
and the reference receiver, N, , 1s the vector of L1 ambigui-
ties, A=A, ,I, with A,, the L1 wavelength, 1 the i1dentity
matrix, and € 1s the DD measurement error. In the equation
above, the system can comprise of 2(n—1) DD measurements
(CP and PR) and n+2 unknowns. Therefore, a solution exists
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whenever nz4, with the geometric redundancy of n—4. In
one example, the covarniance 1s defined as:

o =3 ( 2p1 LN ]
covie) =2 = .
iv ZaL

In some applications, multiple reterence GPS receivers
can be employed to both improve continuity of service and
provide cross-thread integrity monitoring. Reference
receiver measurements can be translated to a single refer-
ence point so they can be compared for integrity monitoring
purposes. Additional geometric redundancy can be intro-
duced when 1incorporating two or more complete sets of
reference GPS measurements, which are combined with the
rover GPS measurements to solve for a single baseline
vector 1n one set of system of equations. When two sets of
reference GPS measurements are used, the double diflerence
system equations become:
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wherein the superscripts 1 and 2 are the data set indices. In
this example, the system can comprise 4n—4 equations and
2n+1 unknowns, which vields 2n-35 number of redundant
equations. Comparing to the single reference receiver case
described above that has a geometric redundancy given by
n—-4, the additional measurements can make up for the
additional ambiguities. In one example, when n=8, the
equation for when two sets of reference GPS measurements
are used yields 11 redundant equations, which 1s 7 more than
what 1s provided in the single reference case. This extra
degree ol measurement redundancy 1s termed “geometric
extra-redundancy”. The geometric extra-redundancy signifi-
cantly improves both the Probability of a Correct Fix (PCF)
and the Probability of Almost Fix (PAF), yielding improved
availability, while maintaining high integrity, of almost fixed
solutions

One approach for CP ambiguity resolution 1s based on the
Least-squares AMBiguity Decorrelation  Adjustment
(LAMBDA) algorithm. The first step 1s to compute a float
solution by ignoring the integer constraints of CP ambigui-
ties and performing a standard weighted least squares adjust-
ment. The least squares method nvolves fitting a linear
equation to a data set.

Consider an over-determined linear system with unknown
coellicients, f(, and an observed data set, y: y=HX+¢. The
linear least squares estimate for the unknown coethicients 1s
given as: X=(H'H)'H’y. The weighted least squares
method 1s preferred when a more robust calculation 1s
desired. A weighting matrix can be used to give more and
less weights to higher and lower confidence measurements
from the data set, respectively. The weighting matrix used
here is the inverse of the covariance matrix, > *.

The mitial float solution 1s calculated using a standard
weilghted least squares solution, which 1s given by:

S=(HTZ Y TS
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The covariance associated with the float estimates 1s given
by:

P:[ 0. Q.4
Oz Ly

The LAMBDA algorithm determines a integer transior-
mation matrix, ZEL[1""" with det(Z)=1 that approximately
diagonalizes Q. The ambiguities and their associated vari-
ance-covariance are transformed as:

] —(H'z 1™

4=7'N;, and Q,=Z2'OxZ.

The covariance matrix for the decorrelated ambiguities
can be decomposed as:

Qﬁ =LDL T:

wherein L 1s lower triangular matrix with ones on the
diagonal and
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In this example, o,,” is the variance of the i” least-squares
ambiguity obtained through a conditioning on the previous
[={1, ..., i-1} ambiguities. This transformation yields the
bootstrapping ambiguity resolution technique, with the fixed
integers given by:

M

a) = |ay]

ar = a1 ] = [ap — la1(ay —ay)]
. n ~ i—1 ~ v :
a; = |a;] = [ﬂf = ZFI L@ —ﬂj)], i=1,...

wherein I, is the i—j element of L and [a,,] is the integer
rounding function.

The bootstrapping technique of resolving ambiguities 1s
used to estimate the most likely set of integer ambiguities.
The bootstrapping technique provides an analytical expres-
sion for computing probability of obtaining a particular
(correct or 1incorrect) integer 1ix, which 1s i contrast to the
integer least squares approach normally used with

LAMBDA. The probability of bootstrapping method yield-
ing a particular integer fix, z, 1s given by:

y 1-217 @ -2z) 1 +217 (@ - z)
Pla=z)= O : + : — 1
a=2) ]—I { [ 2073 ] [ 207 ] ’
i=1
ze !
with
1 X 5
O(x) = —f exp{——v }a’v and
2m J-wo
N—1
P(E:a): 2@(—1 ]—1}
2{?‘5”

Here I, is the i”” column vector of the unit lower triangular
matrix ™" and a is the vector of true integer ambiguities.
Therefore, the computation of the PAF i1s obtaimned by
summing up the PCF and each of the probability of almost
fixed solution.
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The fixed CP ambiguities are determined as NL =7Z7a.
The fixed CP ambiguities can be used to determine high
accuracy baseline vectors between GPS sensors or high
accuracy attitude measurements.

Angular Alignment of Navigation Sensors to Moving Plat-
form

FIG. 1 illustrates an 1nertial measurement unit (IMU) 110
installed on a moving platform 120 (e.g., a ship) 1n relation
to a three dimensional coordinate system. The IMU 110 can
be oriented and positioned according to an X coordinate, a
Y coordinate and a 7Z coordinate. Similarly, the moving
platform 120 can be oriented and positioned according to an
X coordinate, a Y coordinate and a Z coordinate.

Inertial navigation solutions can be based on strapdown
solutions using IMU motion measurements from the IMU
110, which can be blended with GPS measurements, 1n order
to correct for IMU drifting. The drift can reduce an accuracy
level of the IMU 110 over a period of time. Inertial navi-
gation solutions may only be useful 11 the axes of the IMU
110 are aligned with the axes of the installation platform or
the moving platform 120. In other words, 11 the axes of the
IMU 110 are misaligned with the axes of the moving
plattorm 120, then position, velocity, attitude and/or attitude
velocity calculated based on the measurements from the
IMU 110 may not accurately reflect an actual movement and
ortentation of the moving platform 120. High precision
navigation systems need to have the IMU 120 aligned with
the platform axes with precise tolerance (e.g., 0.002 degrees)
and with high integrity assurance

As described 1n further detail below, a novel real-time
sensor installation monitor (RSIM) can automatically align
the axes of the IMU 110 to the axes of the moving platform
120, such as a ship or an aircrait. RSIM can accurately and
with high intensity calculate a misalignment between the
axes of the IMU 110 and the axes of the moving platform
120 (or the mnstallation platform). A misalignment correction
value can then be applied to subsequent IMU measurements
from the IMU 110, wherein the subsequent IMU measure-
ments can be used in precision inertial navigation solutions.
In one example, the misalignment between the IMU 110 and
the moving platform 120 can be corrected to an accuracy of
0.002 degrees 1n less than two hours with high integrity
assurance.

FIG. 2 1s an exemplary flowchart 200 illustrating a
technique for correcting a misalignment between axes of an
inertial measurement unit (IMU) and axes of a moving
platform. The misalignment between the axes of the IMU
and the axes of the moving platform can be corrected using
a real-time sensor installation monitor (RSIM). The RSIM
can provide a capability to automatically correct the mis-
alignment between the IMU axes and the moving platform
(or nstallation platform) axes to an accuracy of 0.002
degrees 1n less than two hours. In contrast, traditional
technique can take several days and involve a manual,
offline process that 1s less accurate and has no integrity
assurance.

The IMU can be installed on the moving platform and
provide IMU measurements. In addition, global positioning
system (GPS) measurements can be taken for the moving
platform (e.g., via a GPS receiver). Thus, a GPS-blended
inertial solution can be implemented in order to determine
an attitude or orientation of the moving platform. In par-
ticular, the GPS-blended inertial solution can be 1mple-
mented 1 order to determine a roll, pitch and yaw of the
moving platform. Another form of navigation solution 1s the
strapdown solution where the navigation solution i1s calcu-
lated using IMU measurements without GPS aided correc-
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tion. The strapdown solution does not correct for IMU drift,
thus only provides a short term navigation solution and often
degrades in performance during a long period of time.
However, IMU design can be improved to remove or reduce
the need for GPS aided correction 1n the near future. RSIM
are applicable to both types of navigation solutions.”

In addition, an attitude of the moving platform can be
determined using a high accuracy attitude source, such as a
Real Time Attitude Determination (RTAD) system. In other
words, the attitude provided by RTAD can be assumed as the
truth. In one example, 1n order to determine the attitude, the
RTAD system can generate in real time a multiple-dimen-
sional state vector of integer ambiguities and multiple
dimensional corrections using double diflerence (DD) mea-
surements for pseudo-range (PR) and carrier phase (CP)
pairs generated from at least three global positioning system
(GPS) receivers. The RTAD system can accurately deter-
mine the attitude of the moving platform from the multiple-
dimensional state vector. In one example, the RTAD can
include a differential GPS-based processor that uses high
intensity carrier phase integer ambiguity resolution, which
can achieve attitude accuracies on the order of 0.05 milli-
radians.

The GPS/IMU measurements can be compared with a
high fidelity attitude truth source, such as the RTAD system.
In other words, the measured attitude of the moving platiorm
based on the GPS/IMS measurements can be compared with
the attitude of the moving platform according to the attitude
truth source. In one example, the attitude of the moving
platform according to the attitude truth source can also be
referred to as a known attitude. In step 202, an instantaneous
delta attitude can be calculated from a difference between
the known attitude (i.e., the attitude provided by the truth
source) and the attitude determined from the GPS/IMS
measurements.

In step 204, the delta attitude can be provided to a low
pass filter (e.g., a low pass averaging filter) that can compute
an angular misalignment value between the axes of the IMU
and the axes of the moving platform. In other words, the low
pass filter can remove the natural error from the delta
attitude 1n order to produce the angular misalignment value.
The angular misalignment value (Aa) can also be referred to
as the boresight. The delta attitude (or instantaneous attitude
difference) can be low pass filtered to provide the accurate
misalignment correction values, wherein noisy GPS/IMU
measurements (1.€., noisy when compared to the attitude
truth source) are averaged over a period of time (t,). A
smoothed delta attitude (1.e., the IMU angular misalignment)
can be calculated using the low pass filter with time constant
(T1)-

The angular misalignment value (Ac.) can be subtracted
from the delta attitude to calculate the natural error compo-
nents 1n the combined attitude truth and GPS/INS solution.
In other words, the natural error that 1s removed from the
delta attitude using the low pass filter can be extracted. In
step 206, a mean of the natural error component can be
passed through another low pass filter (e.g., a low pass
average filter) with a time constant (t,). The time constant
(T,) can be substantially smaller than the time constant (T, ).
If the mean of the natural error i1s less than a near zero
threshold (T), then the calculation of the angular misalign-
ment value (Aa) continues. If the mean of the natural error
1s greater than T, this indicates that additional error compo-
nents other than natural error components were present in
the GPS/INS solution or the attitude truth source. Additional
error components include uncorrelated transient error
caused by filter warm up, sensor measurement anomaly, etc.
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Therefore, the current misalignment correction value (Aa) 1s
reset and recalculated starting from the beginning (i.e., the
GPS-blended inertial solution 1s repeated and an updated
attitude 1s provided by the attitude truth source, the delta
attitude can be recalculated, and so on). In other words, the
natural error mean can be monitored using the low pass filter
with time constant (T,), wherein t,<<t,. When the natural
error mean 1s greater than a threshold (Thnz), this indicates
that additional unknown error components are present, and
therefore, the smoothed delta attitude calculation can be
reset. The time constants 1n the low pass filters (e.g., Tl and
t2) and the near-zero threshold (e.g., T or Thnz) can be tuned
to balance the filter sensitivity and accuracy.

After a continuous angular misalignment value (Aa) 1s

calculated for a preset time constant, the angular misalign-
ment value (Aa) can be added to a baseline boresight value
(or baseline angular alignment value) 1in order to compute a
total boresight value (Ap), as 1n step 208. The total boresight
value can also be referred to as a total angular alignment
value. The total boresight value (Af3) can be incorporated in
the GPS/INS solution processing. In other words, the esti-
mated misalignment corrections can be applied to subse-
quent IMU measurements. Thus, the baseline boresight can
be updated to imcorporate the misalignment correction. The
IMU can incorporate the total boresight value for subsequent
attitude measurements in order to produce substantially
accurate attitude acceleration measurements of the moving
platiorm. Although this solution does not resolve the physi-
cal misalignment between the IMU with the moving plat-
form, this solution eflectively solves the physical misalign-
ment problem because the IMU measurements from the
IMU are corrected, such that these IMU measurements
substantially correspond with the actual movements and
orientation of the moving platform, despite a slight physical
misalignment between the axes of the IMU and the axes of
the moving platform. In the solution described above, the
angular misalignment accuracy can be calculated within
0.0005 degrees.
The estimated misalignment corrections are applied to the
IMU measurements. The process iteratively verifies the
boresight results and estimates the new misalignment cor-
rections given the latest applied corrections, and converges
when an attitude misalignment threshold 1s met. This itera-
tive process can converge 1n two or three iterations. In one
example, the entire process can take no more than two hours.
Furthermore, multiple IMUs can be boresighted concur-
rently and be completed within the two-hour time frame.

In one configuration, the novel GPS/INS solution calcu-
lated with the total boresight value (Ap) can be monitored
through an angular misalignment integrity monitor for a
period of time, as i step 210. There are several ways to
monitor the GPS/INS solution. For example, the total bore-
sight value (Af}) can be monitored for the next iteration
against a predefined threshold. In another example, the new
strapdown/GPS IMU blending solution can be compared
with other strapdown/GPS IMU blending solutions 1f they
are available. In yet another example, the new strapdown/
GPS IMU blending solution can be compared with the truth
attitude.

If the angular misalignment integrity monitor passes for a
period of time, the baseline boresight will be updated and the
boresight process 1s completed. If the angular misalignment
integrity monitor fails, the calculation for the angular mis-
alignment value (Aa) 1s reset and the process 1s started from
the beginning.

FIG. 3 1s a diagram 300 illustrating an exemplary tech-
nique for correcting a misalignment between axes of an
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inertial measurement unit (IMU) and axes of a moving
platform. The IMU can be installed on the moving platform,
such as a ship. The IMU can take IMU measurements of the
moving platform’s orientation and motion. In addition, the
moving platform can include a GPS receiver that can take
GPS measurements of the moving platform’s location. The
IMU measurements and the GPS measurements can be
blended to determine the moving platform’s attitude. The
attitude computed using GPS/IMU blended processing can
be compared with a truth attitude (i.e., a known attitude of
the moving platform that 1s provided by a truth source). The
comparison can result in a delta attitude. The delta attitude
can pass through a low pass filter to remove noise from the
delta attitude, which can result 1n an interim boresight (i.e.,
an angular misalignment value). The noise can pass through
an additional low pass filter. If a mean of the noise 1s less
than a threshold, then calculation of the angular misalign-
ment continues. If the mean of the noise 1s greater than the
threshold, then calculation of the angular misalignment 1s
reset and the process 1s restarted. The interim boresight can
be added to a baseline boresight 1n order to produce a final
boresight. The final boresight can be incorporated into the
GPS/IMU blended processing. In addition, a strapdown
solution can be monitored, and if the strapdown solution
meets a threshold for a period of time, the baseline boresight
can be updated and the boresight process 1s completed.
Otherwise, the calculation of the angular misalignment 1s
reset and the process 1s restarted.

FIGS. 4A-4B illustrate exemplary techniques for correct-
ing a misalignment between axes of an 1nertial measurement
unit (IMU) and axes of a moving platform. As shown 1n FIG.
4A, step 1 can mvolve mputting or receiving high integrity
and accuracy attitudes (e.g., computed by RTAD), as well as
GPS measurements from GPS sensors and inertial measure-
ments from IMU sensors. Step 2 can mvolve computing a
navigation solution using one of following techniques: a
GPS/IMU blending solution using GPS and IMU measure-
ments, an IMU strapdown solution, or another inertial
navigation solution. Step 3 can involve computing a
smoothed attitude difference between the high integrity and
accuracy attitude solution and the GPS/IMU blending solu-
tion. Step 4 can involve updating a boresight value with a
previous 1teration boresight value (e.g., pre-surveyed atti-
tude misalignment values at first iteration can be used). Step
5 (an optional step) can involve monitoring natural variation
mean 1n order to detect an uncorrelated anomaly 1n the
GPS/IMU blending processing and the truth attitude calcu-
lation results. Step 6 (an optional step) can involve an IMU
Angular Alignment Integrity Monitor for high integrity
assurance.

In step 1, the high integrity and accuracy attitude calcu-
lation algorithm can be performed using Real Time Attitude
Determination (RTAD). The standard GPS measurements
from GPS sensors and inertial measurements from IMU
sensors are used in the navigation solution calculation.

In step 2, there are several types of navigation solutions
that can be used. Examples of such navigation solutions
include a GPS/IMU blending solution, an IMU strapdown
solution, a conventional Inertial Navigation Solution (INS),
ctc. The navigation solutions are well established for utiliz-
ing IMUs with GPS aiding. The GPS/IMU blending solution
can use GPS satellite signals to correct or calibrate a solution
from an Inertial Navigation System (INS). The Inertial
navigation solution 1s a selif-contained navigation technique
in which measurements provided by accelerometers and
gyroscopes (1.e., gimbals) are used to track the position and
orientation of an object relative to a known starting point,
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ortentation and velocity. Lightweight digital computers
strapped to a vehicle, which permit the system to eliminate
the gimbals, can lead to the strapdown solution.

In step 3, the smoothed delta attitude can be calculated,
which 1s shown 1n greater detail 1n FIG. 4B. A truth attitude
solution calculated by a differential GPS algorithm, such as
RTAD, 1s likely to have a lower sample rate than a GPS/IMU
blending navigation solution. Therefore, the GPS/IMU
blending solution can be down sampled before calculating
an 1nstantaneous delta attitude. The instantaneous delta
attitude can be characterized as following:

AB=AO+e 5, +€5,, +€,, Whereln,

A0, 1s the imnstantaneous delta attitude at time t; AO 1s the true
misalignment, 1s constant and 1s time independent; €4, 1s the

error 1n the truth attitude during the steady state in step 1;
€ vay, 18 the error in the navigation solution during the steady
state 1n step 2; € . 1s the uncorrelated transient error between
the truth attitude solution and the GPS/IMU blending solu-
tion at time t, which can be caused by filter warm up, sensor
measurement anomaly, efc.

In step 3, € ., which represents possible input anomaly and
transient conditions, can be detected and addressed. A low
pass filter can be used to filter the & ,, and €,,,, . An example
low-pass average filter 1s 1llustrated below:

Ar
ABs, = AbBs,_| + — (A8, — Afs,_),
T

wherein AOs, 1s the smoothed delta attitude at time t. The
duration for the low-pass average filter, T, can be tuned to
balance availability and accuracy.

In step 4, since the automatic boresight algorithm can be
implemented by iteration, the estimated boresight values
from each iteration can be accumulated over time. This step
serves both as the accumulator for the boresight values and
the end condition for the iteration algorithm. A pre-survey
misalignment (with insuflicient accuracy) can be utilized to
start the algorithm. If the boresight result from the current
iteration 1s within tolerance, then the automatic boresight
algorithm can be stopped and the accumulated boresight
value can be stored and used 1n the future.

In step 5, the GPS/IMU blending solution (which can
utilize a Kalman filter) has a converging time period before
the solution 1s useable. In addition, the GPS/IMU blending
solution and the truth attitude solution depend on GPS
and/or IMU sensor measurements which can be aflected by
external interference. In order to safe guard the integrity of
the boresight calculation, two types of error can be moni-
tored: a gradual ramping error (e.g., due to filter warm up)
and an mstantaneous error (e.g., due to sensor measurement
anomaly).

After the smoothed boresight value 1s calculated 1n accor-
dance with

At
Als, = Als,_| + ?(&91, — Abs; 1),

the smoothed boresight value can be expressed as following;:

Ar <
ABs, = Af + —Z .,
T
t=0
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wherein AOs,, 1s the smoothed delta attitude at time t; AO 1s
the true misalignment; € _ 1s the uncorrelated error between
the truth attitude solution and the GPS/IMU blending solu-
tion; and T, 1s the smoothing window for the low pass
average lilter in the number of sampling periods in step 3. In
one example, €4, and g,,, can become negligible after the
smoothing process.

In one example, subtracting AOs, from the instantaneous
boresight value, AO, provides:

A smoothing technique, similar to that 1n step 3, 1s used to
smooth the difference using a low pass average filter for a
duration of T, where t,>>1,. The resulting error metric 1s:

"
I

In one example, 1f there 1s no uncorrelated transient error
between the truth attitude solution and the GPS/IMU blend-
ing solution, then €, 1s equal to the mean of €, +&,,,
which 1s approximately zero. If the sum of the uncorrelated
transient error 1s very close to zero during t,, then AOs =A0
and individual €_, has no substantial impact to the boresight
calculation. If the value of tT,=t,, then &, 1s near zero
regardless of the values of ¢ _,. Under a gradual ramping error
condition, €, 1s more observable as the difference between
T, and T, gets larger. In an 1deal scenario, T,>>T,. Theretore,
by monitoring the absolute value of € against a near-zero
threshold with the appropriate values of ©, and T,, and
resetting the low pass filter when &_>a near-zero threshold
or T, has been reached, the gradual ramping error can be
detected and mitigated accordingly. In the case of uncorre-
lated 1nstantaneous error, it can be easily detected through
monitoring the difference between instantaneous delta atti-
tude AO, and AO__,.

In step 6, 1n order to ensure that a high integrity navigation
solution 1s produced after the automatic boresight algorithm
1s applied, a navigation solution integrity monitor can be
implemented. I a system provides multiple sensors that can
produce multiple mmdependent navigation solutions, these
solutions can be cross-checked during a period of time to
ensure the solution consistencies. The differences between
current and previous navigation solutions can be cross
checked against a predefined threshold to ensure the solu-
tions are consistent with physical dynamic movement limi-
tations of the platform. The higher sample rate navigation
solutions can also be down sampled and cross-checked with
the RTAD solution for a period of time to ensure navigation
solution integrity.

Self-Survey of Sensor Installation

Deploying a mobile precision navigation system in a
quick period of time (e.g., within 90 minutes) can be
infeasible using traditional techniques due to cost and time
constraints. Conventional survey techniques require signifi-
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cant time (multiple days) and considerable cost to survey
GPS sensor locations 1n a precision navigation system. Prior
systems can include a plurality of sensors (e.g., GPS sensors,
navigation sensors, IMU sensors) that assist aircraft to land
on a landing platform. In particular, the amount of time
needed to manually survey a distance between the sensors
can be a limiting factor. If the survey for the sensors 1s not
accurately performed, then “truth” information on the sen-
sors’ precise location can be incorrect. As a result, incorrect
navigation information can be provided to the aircrait land-
ing on the landing platform.

Unlike prior systems, a novel real time sensor installation
monitor (RSIM) algorithm provided herein can rapidly
determine precise, three dimensional (3D) measurements for
a GPS-based system. Given a rough 1nitial survey estimate,
RSIM can iterate over time to generate a highly accurate
calculated survey distance between navigation sensors. The
RSIM can use an advanced differential GPS technique (e.g.,
high mtegrity real time kinematics) to automatically and
quickly determine accurate survey results with high integrity
assurance. In addition, the RSIM can provide high integrity
assurance for the survey results, which can be suitable for
satety critical solutions. Additional platforms that can ben-
efit from the self-survey of sensor nstallations include, but
are not limited to, civil structures such as bridges, large
buildings, airports or military structures such as aircraft
landing structures with high precision navigation systems.
The high precision navigation system will be the example
used to describe the following method for seli-survey of
sensor installations.

Conventional survey techniques verily survey results by
performing statistical tests on the survey measurement
residuals over a given time period. This statistical monitor-
ing technique 1s also feasible 1n conjunction with the high
integrity RSIM self-survey method presented 1n the above
section. RSIM can further ensure high integrity for a fixed
platform by calculating carrier phase measurement residu-
als, over a given time, and ensuring the residuals obey an
expected distribution given the final survey accuracy. For a
mobile platform, the Real Time Afttitude Determination
System (RTAD) can be used to resolve carrier phase integer
ambiguities with high integrity and provide measurement
residual statistics over a period of time. By monmitoring the
carrier phase measurement residuals over time, RSIM can
provide additional integrity to the survey result for fixed and
mobile platforms.

FIG. 5 illustrates a temporary navigation sensor 326 and
a plurality of fixed navigation sensors 520, 522 and 524 on
a landing platform 510, such as a ship, airfield, etc. The fixed
navigation sensors 520, 522 and 524 can be permanently
installed on the landing platform (e.g., the ship or airfield),
whereas the temporary navigation sensor 326 can be tem-
porarily placed on the landing platform 510. The temporary
navigation sensor 526 and the plurality of fixed navigation
sensors 520, 522 and 524 can be used to generate a highly
accurate calculated survey distance between the navigation
SENsors.

On fixed, land-based systems, one navigation sensor
location can be used to enable RSIM to perform very precise
baseline calculations relative to the known sensor location.
In other words, relative survey vectors can be found using
the temporary navigation sensor 326 (e.g. a temporary GPS
sensor) as a reference point (RP). The temporary navigation
sensor 526 can be placed at the TDP and the very precise
baseline calculations can be performed relative to the TDP.
RSIM can compute relative or rough baseline vectors from
cach fixed navigation sensor to the temporary navigation
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sensor 526. In other words, a first baseline vector can be
computed between the temporary navigation sensor 526 and
a fixed navigation sensor 520, a second baseline vector can
be computed between the temporary navigation sensor 526
and a fixed navigation sensor 522, and a third baseline vector
can be computed between the temporary navigation sensor
526 and a fixed navigation sensor 524. The rough baseline
vectors can be computed using differential GPS techniques.
Carrier phase ambiguities in the rough baseline vectors can
be corrected (e.g., using RTAD), which can result 1n high
accuracy baseline vectors. These high accuracy baseline
vectors can accurately provide the calculated survey dis-
tance between the navigation sensors. Upon completion of
the seli-survey, the temporary navigation sensor 526 can be
removed from the landing platform 510.

In many systems, RSIM can utilize the GPS sensors
already 1n the system to determine a rough survey estimate
and then 1terate over a relatively short amount of time (less
than 30 minutes from the start of sensor operation) to gain
a highly accurate set of relative position survey measure-
ments.

FIG. 6 1s a flowchart 600 illustrating an exemplary
technique for surveying a distance between navigation sen-
sors that are 1nstalled on a moving platform. For example, a
calculated survey distance can be performed between a
temporary navigation sensor and a plurality of fixed navi-
gation sensors. A rough baseline vector can be computed
between the temporary navigation sensor and a fixed navi-
gation sensor, as i step 602. The rough baseline vector can
be computed using differential GPS techmiques. For
example, the rough baseline vector can be computed using
carrier phase measurements and pseudo range measure-
ments. In addition, the rough baseline vector can provide an
initial geometry matrix for differential GPS (DGPS) calcu-
lations.

An external algorithm can provide high integrity integer
ambiguities for the carrier phase measurements, as 1 step
604. In one example, the external algorithm can be from a
high accuracy and integrity attitude source, such as a Real
Time Attitude Determination (RTAD) system. The carrier
phase measurements (used for calculating the rough baseline
vector), the geometry matrix, and the integer ambiguities
(e.g., Irom RTAD) can all be used to compute a baseline or
baseline correction vector, as in step 606. The baseline
correction vector can represent a high accuracy and integrity
baseline correction vector between the temporary navigation
sensor and the fixed navigation sensor. The baseline correc-
tion vector can also be referred to as a refined baseline
vector. In one example, the baseline correction vector (0x) 1s
calculated using dx=(G'WG) 'G*W¢', wherein G is a line
of sight geometry matrix, T 1s the matrix transpose opera-
tion, W 1s a weighting matrix, and ¢' 1s an updated carrier
phase measurement. In one example, G can represent a
double difference line of sight geometry matrix that is
calculated using differential GPS techmiques. In addition,
¢'=@-AN=Gox+e, wherein ¢=Gox+AN+e, wherein @ 1s an
initial carrier phase measurement, A 1s a wavelength, N 1s a
carrier phase nteger ambiguity, and € 1s a measurement
error. The carrier phase integer ambiguity (N) can be fixed
for diflerent wavelength combinations, such as an L1 wave-
length, an L.2 wavelength, a wide lane (WL) wavelength or
a narrow lane (NL) wavelength. In other words, the rough
baseline vector can be refined (using information from
RTAD) in order to produce the refined baseline vector. The
refined baseline vector can provide a more accurate estima-
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tion of the distance between the temporary navigation sensor
and the fixed navigation sensor as compared to the rough
baseline vector.

The refined baseline vector can be translated into a local
coordinate system (or body frame), as 1n step 608. In one
example, the refined baseline vector can be rotated to the
body frame using a high accuracy attitude computed exter-
nally (e.g., using RTAD) 1f the landing platform 1s mobile.
For example, RTAD can provide a high integrity and accu-
racy attitude calculation or survey orientation, which can be
used to rotate the refined baseline vector to the body frame.
In an alternative scenario, the external algorithms used 1n
steps 604 and 608 can be based on separate attitude sources.
The refined baseline vector 1 the body frame (or local
frame) can be provided to a low pass filter (e.g., a smoothing
filter) with a time constant (t), as 1n step 610. The refined
baseline vector in the body frame can be smoothed for a set
duration of time. The survey measurement residuals can be
compared with a defined threshold, as 1n step 612. If the
survey measurement residuals are within a defined tolerance
level, then validated high integrity and accuracy survey
measurements can be outputted, as 1n step 614. The survey
measurements can represent a calculated survey distance
between the navigation sensors on the landing platform. If
the survey measurement residuals are not within the defined
tolerance level, then the process can be repeated (i1.e., an
updated refined baseline vector can be calculated, and so
on).

FIG. 7 1s a flowchart 700 illustrating an exemplary
technique for surveying a distance between navigation sen-
sors that are 1nstalled on a landing platform. For example, a
calculated survey distance can be performed between a
temporary navigation sensor and a plurality of fixed navi-
gation sensors. The survey distance can be calculated using
a real time sensor installation monitor (RSIM) algorithm. By
combining a rough, relative survey, via differential GPS,
with highly accurate corrections, RSIM allows for GPS
sensor installations to automatically generate survey infor-
mation. A rough position estimate for each navigation sensor
can be computed using differential GPS (DGPS) techniques.
In other words, rough baseline vectors can be computed for
pairs of navigation sensors on the landing platform. The
rough relative survey can then be processed to fix double
difference carrier phase ambiguities 1n the rough baseline
vectors using a truth source, such as RTAD. If a phase
ambiguity 1s not resolved with high integrity, then the rough
baseline vector can be recalculated. If the phase ambiguity
1s resolved with high integrity, then the double difference
ambiguities are used with carrier phase measurements to
calculate an ultra-accurate baseline vector between naviga-
tion sensors (e.g., GPS sensors). The ultra-accurate baseline
vector can be translated to a body frame using attitude
information from RTAD. After multiple epochs of measure-
ments are passed through the smoothing filter, for extra
redundancy and additional error correction, a three dimen-
sional, high integrity correction can be provided. In other
words, resulting survey measurements can indicate the sur-
vey distance between the navigation sensors. When an
absolute navigation solution 1s desired, at least one sensor
location 1s to be known 1n order to translate the differential
survey to the fixed frame of reference. For a relative
navigation system, the differential survey can be initially
referenced to a temporary sensor location (most commonly
set at the touchdown point, TDP). After the self-survey 1s
complete the sensor at the TDP can be removed from the
survey solution.
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In one configuration, by combining a rough, relative
survey, via differential GPS, with highly accurate correc-
tions, RSIM can allow for GPS sensor installations to
automatically generate survey information. First, a rough
relative position estimate for each sensor can be computed
using differential GPS techniques. An absolute position,
accurate to 100 meters, 1s used to compute the relative
position estimates. The absolute position can be found using,
established GPS positioning solutions. The rough relative
survey can then be processed by an algorithm that fixes
double difference carrier phase ambiguities, such as RTAD.
The double difference ambiguities are used with carrier
phase measurements to calculate an ultra-accurate baseline
vector between GPS sensors. After multiple epochs of
measurements are passed through the smoothing filter, for
extra redundancy and additional error correction, a three
dimensional, high integrity correction can be provided. I1 the
system entails an absolute navigation solution, one sensor
location can be known 1n order to translate the differential
survey to the fixed frame of reference. For a relative
navigation system (typically that 1s all that 1s necessary to
land aircraft), the diflerential survey can be mitially refer-
enced to a temporary sensor location (e.g., commonly set at
the touchdown point, TDP). After the self-survey i1s com-
plete the sensor at the TDP can be removed from the survey
solution.

FIG. 8 1s an exemplary flowchart 800 illustrating a
technique for surveying a distance between navigation sen-
sors that are installed on a physical platform. This technique
can be referred to as a self-survey algorithm. As shown 1n
FIG. 8, step 1 can include mnputting or receiving carrier
phase and pseudorange measurements. Step 2 can include
computing an nitial estimate for a baseline vector between
the sensors (e.g., navigation sensors ), or inputting or receiv-
ing an 1nitial baseline vector estimate from an external
source. Step 3 can include determining the integer ambiguity
resolved double difference carrier phase measurement data
and the integer ambiguities using the baseline vector esti-
mate. In step 4, If integer ambiguities cannot be fixed to a
desired threshold, a bootstrapping technique can be used to
fix the ambiguities with a corresponding longer wavelength
(although less accurate) until ambiguities with a correspond-
ing shorter wavelength can be fixed (1.e., step 3 can be
repeated using the last iterated baseline vectors as a starting
point for fixing ambiguities with increasingly shorter wave-
lengths). Step 5 can include using the 1mitial baseline esti-
mate and integer ambiguities to compute the baseline vec-
tors between sensors using dx=(G*WG) "G’ Wq'. Step 6 can
include mputting or recerving a high integrity attitude to
rotate the baseline vectors from a local navigation frame to
a body-fixed frame if the sensors are 1nstalled on a moving
platform. Step 7 can include smoothing the errors between
the baseline vector and the mnitial baseline vector over a
specifled time frame to determine the correction to the
baseline vector iput into step 5. Step 8 can include com-
puting the new baseline vector by applying the baseline
vector correction to the vector mnput into step 5. In step 8, 1
the desired accuracy does not match the solution used 1n step
4, then the algorithm can return to step 3 and a higher
accuracy fixing technique can be used. When step 5 1is
reached, the baseline vector computed 1n step 7 can be used.
The bootstrapping technique can be used to incrementally
improve the baseline vector accuracy. The seli-survey algo-
rithm can proceed to step 9 when the desired accuracy level
1s met. Step 9 can include comparing the measurement
residuals to a specified threshold and outputting a final
baseline vector between the GPS sensors i1f the threshold 1s
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met. If the threshold 1s not met, steps 3 through 9 can be
repeated until the threshold 1s met. In addition, the baseline
vector 1 step S 1s updated each iteration with the vector
computed 1n step 7.

With respect to FIG. 8, in step 1, carrier phase and
pseudorange measurements from GPS receivers can be input
in order to perform the automatic surveying using GPS
sensors. An automatic survey can be performed using at least
three GPS receivers in a non-collinear configuration. In
order to compute the survey with high integrity, the carrier
phase and pseudorange measurements are to be monitored
and poor tracks are removed. In one example, smoothing
pseudorange measurements can improve the integrity and
accuracy ol the GPS measurement solutions. The mput GPS
data, carrier phase and pseudorange measurements can be
processed for increased accuracy and integrity, and then
inputted into the automatic survey algorithm.

In step 2, a rough initial baseline vector can be used to
calculate a high integrity and accuracy baseline solution.
The mitial baseline vector can be given by an external source
(e.g., a manual survey) or computed using GPS sensor data.
If the mitial baseline vector 1s mput from an external source,
then the automatic seli-survey algorithm proceeds to step 3.
It there 1s no a priori information of the baseline vectors
between the GPS sensors, then an 1nitial rough estimate 1s
computed. There are multiple established techniques for
computing a baseline between GPS sensors. In one tech-
nique, a differential GPS baseline between GPS sensors can
be computed using smoothed pseudorange measurements
combined with carrier phase measurements, which results 1n
a wide-lane float solution. The wide-lane float solution can
provide an mitial baseline vector with a 1 sigma error of
about 5 cm. An absolute position, accurate to 100 meters,
can be used to determine line-of-sight vectors when com-
puting the relative position estimates. The absolute position
can be found using well established GPS positioning solu-
tions.

With respect to step 3, the mputs used for the automatic
self-survey algorithm can include the 1mitial baseline vector
between the sensors in the system, nteger ambiguity
resolved double difference carrier phase data, and the integer
ambiguities resolved from the carrier phase and pseudorange
double difference data. The double difference carrier phase
measurement data 1s an element of the baseline vector
calculation. The baseline vector 1s used to describe the
computed distance vector between GPS sensors using the
automatic self-survey algorithm. Combined with the integer
ambiguities, the carrier phase data can allow for sub-centi-
meter level accuracy when computing the baseline vector.
The raw carrier phase and pseudorange measurements from
the GPS receiver are differenced between satellites and
receivers to provide the double difference carrier phase
measurements. Double difference carrier phase measure-
ments are part of high accuracy relative positioning. The
initial baseline vector can be used to compute the integer
ambiguities for a high integrity solution. The estimated
rough sensor location from Step 2 1s used in the double
difference residual calculation which 1s used in computing
the double difference measurement error covariance. Com-
bined with the smoothed pseudorange and carrier phase
measurements, the 1itial baseline vector can allow for high
integrity ambiguity resolution. The fixed carrier phase ambi-
guities can be combined with the carrier phase measure-
ments to calculate the integer ambiguity resolved double
difference carrier phase data, ¢,,', which is represented as:
Q7 =0r—A; N, ,=G0x+e. The integer ambiguity resolved
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double diflerence carrier phase data can be used to compute
the baseline vector 1n step 5 of the self-survey algorithm.

With respect to step 4, the automatic survey can attempt
to 11X the 1integer ambiguities using a technique that provides
the desired baseline vector accuracy. In some cases, achiev-
ing satisfactory integer ambiguity resolution can be chal-
lenging for high accuracy fixed solutions. The accuracy of
the 1nitial baseline vector can influence whether the integer
ambiguities can be fixed. Additionally, different fixing meth-
ods can have varying degrees of difliculty when attempting
to resolve the mteger ambiguities. The final baseline vector
accuracy that 1s desired can drive the technique of ambiguity
fixing. Fach of the following techniques provides different
levels of accuracy: (1) Wide-Lane fixing can provide a
baseline vector accuracy of about 5 cm; (2) L2 fixing can
provide a baseline vector accuracy of about 1~1.5 cm; (3) L1
fixing can provide a baseline vector accuracy of less than 1
cm; and (4) narrow-lane {ixing can provide a baseline vector
accuracy of about 0.5 cm. The ability to fix the ambiguities
1s a Tunction of the technique used as well. The ease 1n fixing
the ambiguities generally improves with a less accurate
technique. For example, the wide-lane fixing technique can
be the easiest to determine integer ambiguities, and the
narrow-lane fixing technique can be the most diflicult for
determining integer ambiguities.

If the automatic selif-survey algorithm is unable to resolve
a set number of integer ambiguities over a specified amount
of time, then the algorithm can revert to a lower accuracy
fixing technique. The algorithm can iteratively change the
fixing technique until the ambiguities can be fixed. This 1s
referred to as a bootstrapping methodology for the incre-
mental improvement over iterations. A sample scenario for
reverting to a lower accuracy fixing method 1s as follows: (1)
the desired accuracy of the baseline vector 1s errors of less
than 1 cm; (2) the automatic survey algorithm can imitiate
step 3 (described above) using the L2 fixing technique; (3)
the number of fixed ambiguities does not meet a specified
threshold over the sampling period; and (4) the automatic
survey algorithm can imtiate step 3 using the wide lane
fixing technique. In the case 1 which the desired accuracy
1s not met with the fixing method, the automatic seli-survey
algorithm can again use the bootstrapping methodology to
incrementally improve the accuracy after reaching step 8.
The algorithm can be iterated, while improving the accuracy
every iteration, until the desired accuracy of the baseline
vector 1s achieved. The algorithm can continue until step 8
before 1terating, even 1f the desired accuracy is not reached,
because the baseline vector estimate will not be updated
until step 8.

In step 5, the baseline vector can be computed using the
carrier phase and the integer ambiguities. The baseline
vector can be determined by relating the carrier phase
measurements to the geometry between the GPS sensors and
the GPS satellites. The matrix (G) relates the GPS receiver
to the satellite and 1s composed of the Line-of-sight vectors
between sensor and satellite. The G matrix can be nitially
computed, or alternatively, the G matrix can be an input into
the algorithm. The G matrix 1s computed using the follow-

— — —

ing: G,/=—(LOS;rzr—LOS; 77 ), where LOS -+’ is the
line-of-sight unit vector from GPS receiver 1 to the jth
satellite. With the inputs and the G matrix, the baseline
vector can be computed. Using the integer ambiguity
resolved double difference carrier phase and the G matrix,
the baseline vector 1s computed using a least squares tech-
nique. The weighted least squares technique can be used to

solve for the baseline vector from dx=(G'WG) 'G'Wq, ,".
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Typically, the baseline vector 1s computed in an 1inertial
frame. As described 1n further detail below, the next step of
the Survey Monitor algorithm can involve translating the
baseline vector to a body frame, or a local reference frame.

In step 6, the survey of sensor can be done 1 a local
coordinate frame. The computed baseline vector i1s in the
inertial frame common between satellites and the GPS
sensors. To monitor the existing survey vector, the baseline
vector 1s rotated to the local coordinate frame. A high
accuracy and integrity attitude 1s needed to calculate the
rotation matrix. The accuracy of the attitude measurement 1s
dependent on the magnitude of the surveyed vectors. For
example, an angular error of 0 will translate into a vector
error of y for a vector of magnitude y: y=x sin 0. For an error
of less than 1 centimeter and a survey vector of 50 meters,
the angular error i1s to be less than 0.011 degrees. As an
example of rotations to local coordinate frame, a standard
inertial frame for computing the baseline vectors is 1n the
Earth-Centered, Earth-Fixed (ECEF) coordinate frame, and
a standard local coordinate frame 1s a body frame with
positive X forward, positive y to the right, and positive z
down. The translation from the ECEF to the local body
coordinate frame 1nvolves an intermediate rotation to a local
tangential plane to the Earth, which 1s denoted as an East-
North-Up coordinate frame. The rotation matrix,
Crcreesrr, Using Latitude (A) and Longitude (¢) measure-
ments as the angles of rotation, 1s represented as:

—s1inA cosd 0
Crcrrprenvyg = | —singcosA  —singsind  cosg |.
- cosgcosA  cosgsind  sing

The translation can be made from the ENU {frame to the
North-East-Down (NED) using the following equation:

-0 1 07
Cenvavep = -1 0 0 |,
0 0 -1

and then to the body-fixed frame using the following:

1 0 0 Jfcos(p) O —smn(p)]
CNED2Bogy = | U cos(r)  sin(r) 0 1 0
0 —sin(r) cos(r) || sin(p) O cos(p) |
" cos(y)  sin(y) O
—sin(y) cos(y) 0|,
0 0 1

wherein r, p, vy are the roll, pitch, and yaw attitude measure-
ments 1n the body-fixed frame. After rotating the baseline
vector mto the same frame as the survey vector, the survey
vector can be monitored.

In step 7, the reliability of the automatic survey can be
improved by smoothing the residuals of the baseline vector
estimation. By smoothing the residuals over a set time
frame, the measurement noise can be reduced. An example
smoothing technique can be a lag filter:
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At

€& =61 + ?(Es — €1 ),

wherein &, 1s the current smoothed error, €, ; 1s the
smoothed error from the previous measurement, At 1s the
time change from the previous measurement, T 1s the tunable
time constant, and €_ 1s the measurement error. The time
constant (t) can be adjusted to fit a desired sample size. After
determining the baseline vector correction, the new baseline
vector can be computed by the following equation: r=r,_,+
0x, wherein r, 1s the new baseline vector and r,_, 1s the
previous baseline vector.

In step 8, a lower accuracy fixing technique can be used
in order fix CP integer ambiguities in the mitial time after
startup of the automatic self-survey algorithm. In this case,
the desired accuracy of the baseline vector may not be
reached. If the fixing technique used 1n step 4 1s not to the
level of accuracy desired, then the self-survey algorithm can
return to step 3. Upon returning to step 3, a higher accuracy
fixing technique can be used. For example, 1 wide-lane
fixing was used for the first fixing attempt, but the accuracy
desired for the baseline vector 1s higher than the wide-lane
fixing provides, then the L1 fixing technique can be used 1n
the return step 3 and all steps thereafter. The baseline vector
input used for steps 3-7 are to be updated with the vector
computed 1n step 7. This vector can have a higher accuracy
than the 1imitial vector computed or mput 1n step 2. Using the
vector computed i step 7 can allow for incremental
improvement in the baseline vector estimate over successive
algorithm iterations. Thus, the bootstrapping methodology 1s
again applied to the baseline vector calculation by iterating
through steps 3-7 until the baseline vector accuracy 1is
suflicient.

In step 9, the baseline vector estimation can be ensured to
converge over multiple 1terations. The baseline vector cal-
culated 1n step 7 1s compared to the vector computed 1n the
previous iteration to determine if the solution has converged.
If the specified threshold, T, 1s greater than the baseline
vector change between epochs, then the solution has con-
verged, as illustrated in the following equation:

1>abs(r ~7,_;).

If the solution does converge, then the current baseline
vector, r,, 1s output as the final solution. If the solution does
not converge, or ii the current baseline vector estimate 1s for
the first iteration, and thus there 1s no estimate for the
previous iteration, then the self-survey algorithm can return
to step 3. Once again, i returning to step 3, the baseline
vector mput used for steps 3-7 can be updated with the
vector computed 1n step 7.
Verification of Existing Sensor Surveys

Precise surveying of navigation sensor locations (e.g.,
GPS antenna locations) relative to the installation platiorm
(e.g., the atrcraft carrier on which the navigation sensors are
installed) 1s commonly completed post-installation and pre-
operation of the aircraft landing system being deployed. The
surveying can indicate a precise distance between various
navigation sensors on the installation platform. After a
precision navigation system 1s deployed, 1t 1s likely that
surveyed locations can be altered relative to the original
survey reference point due to temperature variation of the
operation environment, wear and tear of the installation
platform, motion-induced flexure, etc. In other words, these
events can alter a survey distance between a pair of navi-
gation sensors that was previously measured. An incorrect
survey distance in relation to an actual distance can result 1n
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the precision navigation system providing incorrect difler-
ential GPS information to an aircrait attempting to land on
the 1nstallation platform.

Therefore, it 1s desirable to periodically verity and vali-
date existing survey results (e.g., using a survey monitor). A
real time sensor installation monitor (RSIM) algorithm can
be used for performing precise monitoring of post-installa-
tion location surveying results. The monitoring can be
performed 1n real time or periodically. RSIM can leverage
ultra-accurate differential GPS processing techniques to
verily and re-determine, 1f necessary, a survey to within 1
cm. For example, RSIM can determine a baseline vector
between two GPS sensor locations to within 1 cm with high
integrity assurance based on a comparison between a current
baseline vector and an original surveyed baseline vector.
Additional platforms that can benefit from the verification of
existing sensor surveys include, but are not limited to, civil
structures such as bridges, large buildings, airports or mili-
tary structures such as aircrait landing structures with high
precision navigation systems. The high precision navigation
system will be the example used to describe the following
method for verification of existing sensor surveys.

FIG. 9 illustrates a plurality of navigation sensors 930,
932 and 934 that are installed on an installation platform
920. In this example, the 1nstallation platform 920 can be on
a ship, but the installation platform 920 can also be on other
surfaces, such as an aircrait or a ground airfield. Thus, the
installation platform 920 can be situated on a stationary
surface or a non-stationary surface. The navigation sensors
930, 932 and 934 can include GPS sensors, IMU sensors or
other types of sensors related to navigation, movement,
orientation, motion, etc. The navigation sensors 930, 932
and 934 can recerve GPS signals from a GPS satellite 910.
A distance between each of the navigation sensors 930, 932
and 934 can be represented by a baseline distance vector. For
example, a first baseline vector can represent the distance
between the navigation sensor 930 and the navigation sensor
932, a second baseline vector can represent the distance
between the navigation sensor 930 and the navigation sensor
934, and a third baseline vector can represent the distance
between the navigation sensor 932 and the navigation sensor
934.

FIG. 10 1s a flowchart 1000 illustrating an exemplary
technique for monitoring an accuracy of an existing survey
between 1nstalled navigation sensors (e.g., GPS sensors) on
a landing platform. The accuracy of the existing survey can
be momitored using a real time sensor installation monitor
(RSIM) algorithm. RSIM can determine a refined baseline
vector between two GPS sensor locations on the landing
platform from a rough baseline vector. RSIM can determine
the refined baseline vector to within 1 cm when coupled with
high accuracy double difference measurements and high
accuracy attitude measurements. These high accuracy
double difference measurements and high accuracy attitude
measurements can be provided by a high accuracy and
integrity attitude source, such as a Real Time Attitude
Determination (RTAD) system. When an accurate attitude 1s
not available, RSIM (e.g., a survey monitor) can switch to
monitoring the baseline distance between pairs of GPS
sensors. In other words, 11 the baseline distance varies by a
predefined amount within a predefined period of time, an
alert can be generated.

As an example, the attitude source (e.g., the RTAD
algorithm) can provide ultra-accurate attitude measure-
ments, which can resolve double difference carrier phase
integer ambiguities 1n the rough baseline vector between the
two GPS sensors. In other words, having carrier phase




US 10,114,126 B2

25

measurements with integer ambiguities can allow RSIM to
compute a highly accurate baseline vector (or refined base-
line vector) between a pair ol GPS sensors every GPS epoch.
Using the refined baseline vector rotated to a body-fixed
frame, RSIM can compare the refined baseline vector to the
surveyed baseline vector. Over a period of time 1n which an
appropriate number of data samples can be collected, RSIM
can determine the level of accuracy 1n the existing survey

and can generate alerts or take corrective actions when
survey results are out of tolerance. In other words, the
comparison of the refined baseline vector with the surveyed
baseline vector can produce a survey error. The survey error
can pass through a smoothing filter with a time constant t,
wherein t 1s a defined period of time. The survey error can
be compared with a threshold, and 1f the survey error does
not comply with the threshold, then the existing survey can
be flagged as being an inaccurate survey. In addition, the
refined baseline vector can be indicated as being a more
accurate representation of the distance between the two GPS
SEeNsors.

To compute the refined baseline vector between two
navigation sensors, divergence-iree carrier smoothed double
difference measurements are used. From the double difler-
ence baselines, y, the carrier phase double difference, @, ,, 1s
used to determine the baseline vectors between receivers, as

1llustrated 1n:

(e )=(o oM xs,)
= + &
PNL G 0 ANpL

v H X

In the equation above, G 1s the line of sight geometry
matrix, 0x 1s the baseline vector, N,, 1s the vector of L1
ambiguities, A 1s equal to A, I, and € 1s the measurement
error. The carrier phase ambiguities are used to adjust the
phase measurements in order to determine the refined base-
line vector. Additionally, an ultra-accurate source of attitude
1s used to rotate the refined baseline vectors to the body
frame 1f the precision navigation system 1s on a moving
platform, such as an airplane. In one example, the ultra-
accurate source ol attitude can be the RTAD algorithm,
which can provide both the L1 carrier phase integer ambi-
guities and an accurate attitude measurement. Coupled with
the iteger ambiguities, the baseline ambiguity adjusted
carrier phase measurements can be calculated, as shown 1n:
@', =", =~ NL1=G0ox+¢e. Since the measurement error, &,
1s for the error for phase measurements, the error 1s on the
order of 5 mm. Solving for the refine baseline vector can
provide survey measurements with less than 1 cm of error.
The refined baseline vector can be solved by: 0x=
(G'WG)'G'"Wq',,, where W is the weighting matrix
(which 1s the mverse of the error covariance matrix for the
carrier phase measurements).

In one configuration, a Survey Monitor can collect data
and average the survey error over time. In addition, the
Survey Monitor can flag the survey information when the
averaged survey error estimate crosses a given threshold.
The Survey Monitor can include approximately six steps:
step 1 can include mputting or receiving double difference
carrier phase measurement data, resolved integer ambigui-
ties, and an existing survey vector; step 2 can include
computing baseline vectors or baseline correction vectors
using dx=(G'WG)'G'Wq'; step 3 can include inputting or
receiving a high integrity attitude to rotate the baseline
vectors to the body frame; step 4 can include comparing the
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baseline correction vector to an existing survey vector; step
5 can include averaging the estimated survey errors between
the baseline correction vector and the existing survey vector;
and step 6 can include comparing the errors to a desired
threshold and flagging certain surveys accordingly.

With respect to step 1, there are several mputs for the
survey monitor algorithm: the existing survey vectors for the
sensors 1n the system, double difference carrier phase data,
and the resolved integer ambiguities. The survey vectors
comprise relative vectors between each GPS sensor. The
vectors are traditionally found through a manual survey of
the sensor location through the use of distance measurement
equipment. There are many adequate techniques with a
multitude of equipment for determiming the existing survey
vectors. Additionally, data analysis techniques can be used
to determine the existing survey vector. Since the GPS
sensors are used for positioning, the sensor data can be used
to extrapolate the vector between GPS sensors, 1.e., the
survey vectors. The Survey Monitor can ensure that the
existing survey vectors are within tolerance, and thus, exist-
ing survey vectors are a beneficial input to the algorithm and
are used as a baseline for the Survey Momnitor.

The double difference carrier phase measurement data 1s
another element of the baseline vector calculation. The
baseline vector 1s used to describe the computed distance
vector between GPS sensors using the Survey Monitor
algorithm. The baseline vector 1s the quanfity used to
compare to the existing survey vector in order to quantify the
error ol the existing survey vector and determine 1f the

survey 1s out of tolerance. Combined with the integer
ambiguities, the carrier phase data can allow for sub-centi-
meter level accuracy when computing the baseline vector.
The raw carrier phase and pseudorange measurements from
the GPS receiver are differenced between satellites and
receivers to give the double diflerence carrier phase mea-
surements. Double difference carrier phase measurements
are part of high accuracy relative positioning.

The fixed carrier phase ambiguities can be combined with
the carrier phase measurements to calculate the integer
ambiguity resolved double difference carrier phase data,
¢, which is represented as: @, ,'=@,,—A; N, ,=G0Ox+¢. The
integer ambiguity resolved double difference carrier phase
data can be used to compute the baseline vector 1n step 2 of
the Survey Monitor algorithm.

In step 2, the baseline vector can be computed using the
carrier phase and the integer ambiguities. The baseline
vector can be determined by relating the carrier phase
measurements to the geometry between the GPS sensors and
the GPS satellites. The matrix (G) relates the GPS receiver
to the satellite and 1s composed of the Line-of-sight vectors
between sensor and satellite. The G matrix can be initially
computed, or alternatively, the G matrix can be an 1nput into
the algorithm. The G matrix 1s computed using the follow-

———— —

ing: G,/=—(LOS;rzr-LOS . z7"), where LOS; 7 is the
line-of-sight unit vector from GPS receiver 1 to the j™
satellite. With the mputs and the G matrix, the baseline
vector can be computed. Using the integer ambiguity
resolved double difference carrier phase and the G matrix,
the baseline vector 1s computed using a least squares tech-
nique. The weighted least squares techmque can be used to
solve for the baseline vector from dx=(G'WG)'G'Weq, ,'.
Typically, the baseline vector 1s computed 1n an inertial
frame. As described 1n further detail below, the next step of
the Survey Monitor algorithm can involve translating the
baseline vector to a body frame, or a local reference frame.
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With respect to step 3, the survey of sensor can be done
in a local coordinate frame. The computed baseline vector 1s
in the 1nertial frame common between satellites and the GPS
sensors. To monitor the existing survey vector, the baseline
vector 1s rotated to the local coordinate frame. A high
accuracy and integrity attitude 1s needed to calculate the
rotation matrix. The accuracy of the attitude measurement 1s
dependent on the magnitude of the surveyed vectors. For
example, an angular error of 0 will translate into a vector
error ol y for a vector of magnitude y: y=x sin 0. For an error
of less than 1 centimeter and a survey vector of 50 meters,
the angular error 1s to be less than 0.011 degrees.

As an example of rotations to local coordinate frame, a
standard 1nertial frame for computing the baseline vectors 1s
in the Earth-Centered, Earth-Fixed (ECEF) coordinate
frame, and a standard local coordinate frame 1s a body frame
with positive x forward, positive y to the right, and positive
7z down. The translation from the ECEF to the local body
coordinate frame mvolves an intermediate rotation to a local
tangential plane to the Earth, which 1s denoted as an East-
North-Up coordinate frame. The rotation matrix,
Crerearres Using Latitude (A) and Longitude (¢p) measure-
ments as the angles of rotation, i1s represented as:

—s1nA COSQP 0
Cecgropny = | —singcosA  —singsind  cosg |.
- cosgcosA  cosgsind  sing

The translation can be made from the ENU {frame to the
North-East-Down (NED) using the following equation:

0 1 07
Cenvovep = -1 0 0 |,
0 0 -1

and then to the body-fixed frame using the following:

1 0 0 Jlcos(p) O —sin(p)]
s1n(r) 0 1 0

0 —sin(r) cos(r) || sin{p) O

CnED2Body = | @ cos(r)

cos(p)

Ccos(y) sin(y) O]

—sin(y) cos(y) 0O |,
0 0 l |

wherein r, p, y are the roll, pitch, and yaw attitude measure-
ments 1 the body-fixed frame. After rotating the baseline
vector mto the same frame as the survey vector, the survey
vector can be monitored.

With respect to step 4, monitoring the survey vector error
can be straightforward once the baseline vector 1s computed
and translated to the body-fixed frame as the survey. The
survey error (€.) can be calculated as the difference between

- —>

the baseline vector (b) and the survey vector (s): e =b-5.
In addition, the residuals between the baseline vector and
survey vector can be smoothed over time to improve the
fidelity of the monitoring.

With respect to step 5, the reliability of the Survey
Monitor can be improved by smoothing the residuals
between the baseline vector estimation and survey vector.
By smoothing the residuals over a set time frame, a repre-

5

10

15

20

25

30

35

40

45

50

55

60

65

28

sentative error for the existing survey can be determined. An
example smoothing technique to estimate the error in the
existing survey can be a lag filter:

At

€& =6 + ?(55 — €1 ),

wherein €, 1s the current smoothed error, &,_, 1s the
smoothed error from the previous measurement, At 1s the
time change from the previous measurement, T 1s the tunable
time constant, and €_ 1s the survey error measurement. The
time constant (t) can be adjusted to fit a desired sample size.
A smaller time constant can allow for improved real time
survey monitoring, such as a case when the structure to
which the sensors are mounted to experiences dynamics or
flexes. An increased time constant can provide a higher
integrity solution for a steady state system. The survey
errors, which are smoothed over a shorter temporal window
by tuning T, can be compared to the long term survey errors,
or the surveyed vector. This comparison can reveal the short
term changes between the GPS sensors. In a high dynamic
environment, changes 1n the vector between the GPS sensors
can be attributed to the flexing of the physical structure that
the sensors are mounted to. This allows the short term survey
errors caused by flexure to be monitored and subsequently
compensated for. Once the survey error 1s determined,
survey errors that necessitate action or correction can be
indicated.

With respect to step 6, for a survey that has significant
error (1.e., an error that exceeds a defined threshold), 1t may
be 1mportant to notily an external algorithm or maintainer.
Survey errors that are significant can be flagged so that
proper action can be taken. A threshold (T ) 1s set to quantify
a significant error. If the survey error exceeds the set
threshold, £ >T_, then the survey is flagged.

Monitoring of Structure Flexure

A physical platform exposed to external forces or a
moving platform, 1s susceptible to large amounts of flexing
of the physical structure of the dynamic platform. These
platiforms can include, but are not limited to, civil structures
such as bridges, large buildings, airports or military struc-
tures such as aircraft landing structures with high precision
navigation systems. The high precision navigation system
will be the example used to describe the method for moni-
toring of structure flexure. For a navigation system, that
requires precise sub-centimeter survey of the GPS sensor
locations, a large degree of flexure can translate to increased
errors 1n the navigation solution. Flexure of the installation
platform can impact the navigation solution when the flexing
causes the navigation sensor position to move a greater
amount than the survey error accuracy requirement.

A real time sensor 1nstallation monitor (RSIM) can pre-
cisely monitor the flexure of the physical structure of the
moving platform. A refined baseline vector between GPS
sensors can be smoothed over a relatively short temporal
window (t-). The refined baseline vector can be compared to
a previously surveyed vector. In a high dynamic environ-
ment, RSIM can rapidly and accurately determine (and with
high integrity assurance) changes 1n the baseline vectors due
to structure flexure.

FIG. 11 1s a flowchart 1100 illustrating an exemplary
technique for monitoring an amount of flexure of a moving
platform. The amount of flexure of the moving platform can
be momitored using a real time sensor installation monitor

(RSIM) algorithm. RSIM can determine a refined baseline
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vector between two GPS sensor locations on the landing
platform from a rough baseline vector. RSIM can determine
the refined baseline vector to within 1 cm when coupled with
high accuracy double diflerence measurements and high
accuracy attitude measurements. These high accuracy
double diflerence measurements and high accuracy attitude
measurements can be provided by a attitude source, such as
a Real Time Attitude Determination (RTAD) system.

As an example, the attitude source (e.g., the RTAD
algorithm) can provide ultra-accurate attitude measure-
ments, and resolve double difference carrier phase integer
ambiguities 1n the rough baseline vector between the two
GPS sensors. In other words, having carrier phase measure-
ments with integer ambiguities can allow RSIM to compute
a highly accurate baseline vector (or refined baseline vector)
between a pair of GPS sensors every GPS epoch. Using the
refined baseline vector rotated to a body-fixed frame, RSIM
can compare the refined baseline vector to the surveyed
baseline vector. Over a period of time 1n which an appro-
priate number of data samples can be collected, RSIM can
determine the level of accuracy in the existing survey and
can generate alerts or take corrective actions when survey
results are out of tolerance. In other words, the comparison
of the refined baseline vector with the surveyed baseline
vector can produce a survey error. The survey error can pass
through a smoothing filter with a relatively short time
constant t., wherein t- 1s a defined period of time. The
survey error can be compared with a threshold, and 1t the
survey error does not comply with the threshold, then the
flag can be generated indicating that the amount of flexure
of the moving platform exceeds an acceptable value.

In other words, RSIM can be used to monitor the flexure
of the installation platform of a precision navigation system.
The refined baseline vector between two positions can be
calculated accurately over time using RSIM. The refined
baseline vector, smoothed over a shorter temporal window
(t~), can be compared to the surveyed baseline vector. This
comparison can reveal short term changes in baseline vec-
tors between GPS sensors. In a high dynamic environment,
changes 1n the baseline vectors between GPS sensors can be
attributed to the tlexing of the physical structure that the
sensors are mounted to. Thus, RSIM can monitor short term
baseline vector errors caused by flexure and then subse-
quently compensate for these errors. When the accurate
attitude truth 1s not available, RSIM (e.g., a flexure monitor)
can switch to monitoring the baseline distance between pairs
of GPS sensors. In other words, 1f the baseline distance
varies by a predefined amount within a predefined period of
time, an alert indicating possible flexure can be generated.

FIG. 12A 1s a flowchart 1200 1illustrating an exemplary
technique for monitoring an amount of tflexure of a moving,
plattorm and monitoring an accuracy of surveys between
installed navigation sensors on the moving platform. A
rough baseline vector can be computed between two GPS
sensors. The rough baseline vector can be computed using
differential GPS techniques. For example, the rough baseline
vector can be computed using carrier phase measurements
and pseudo range measurements. A high integrity integer
ambiguity solution can be provided from an external source,
such as RTAD. The carrier phase measurements, the pseudo
range measurements, a geometry matrix for differential GPS
(DGPS) calculations, and integer ambiguities from RTAD
can be used to compute a refined baseline vector between the
two GPS sensors. For example, the refined baseline vector
can be calculated using dx=(G'WG) ' G'Wq',,. The
refined baseline vector can be rotated to a body frame using,
a high itegrity and high accuracy attitude or survey orien-
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tation (e.g., provided by RTAD). Using the refined baseline
vector rotated to the body-fixed frame, RSIM can compare
the refined baseline vector with an existing survey vector (or
previously surveyed baseline vector). The comparison of the
refined baseline vector with the existing baseline vector can
produce a survey error. The survey error can pass through a
first smoothing filter with a time constant t, wherein t 1s a
defined period of time. If the survey error 1s greater than a
defined threshold, then an alert can be generated indicating
that the survey results are outside a specific tolerance.
Additionally or alternatively, the survey error can pass
through a second smoothing filter with a time constant t,,
wherein t. 1s a defined period of time. I the survey error 1s
greater than the defined threshold, then an alert can be
generated 1indicating that an amount of structure flexure on
the moving platform 1s outside a specific tolerance. In one
example, t~ can be less than t. In another example, the survey
error can be less than the defined threshold, and therefore,
the existing survey vector can be updated (e.g., replaced
with the refined baseline vector).

FIG. 12B i1s an additional flowchart 1210 1illustrating an
exemplary technique for monitoring an amount of flexure of
a moving platform and monitoring an accuracy of surveys
between 1nstalled navigation sensors on the moving plat-
form. In FIG. 12B, there 1s no feedback update to an existing
survey vector as compared to FIG. 12A.

FIG. 13 1s a flowchart 1300 illustrating an exemplary
technique for surveying a distance between a pair of navi-
gation sensors. It can be challenging to converge to an
accurate baseline vector when starting without an 1nitial
survey. By iterating through increasingly accurate difleren-
tial GPS (DGPS) baseline calculations, the solution can
converge to a desired level of accuracy (e.g., less than 1 cm).
A DGPS baseline calculation can be performed using carrier
phase measurements and pseudo range measurements. A
geometry matrix can be determined based on the DGPS
baseline calculation. The DGPS baseline calculation can be
augmented with integer ambiguities (e.g., from RTAD).
Starting with no initial survey, a wide lane (WL) float
solution can obtain a level of accuracy equal to approxi-
mately 30 cm. This level of accuracy can be below a desired
level, so WL ambiguities can be fixed 1n the DGPS baseline
calculation, which can lead to a level of accuracy equal to
approximately 3 cm. This level of accuracy can be below the
desired level, so L1 ambiguities can be fixed in the DGPS
baseline calculation, which can lead to a level of accuracy
equal to approximately 1 cm. Now the ambiguities can be
fixed beyond a desired level, so the DGPS calculation and
the integer ambiguities can be used to generate a baseline
correction vector.

The baseline correction vector can be
rotated to a body frame using an attitude calculation or
survey orientation from a truth source, such as RTAD.
Survey error from the baseline correction vector can pass
through a smoothing filter for a time period t. Residuals can
be compared to the baseline correction vector and 1f within
a defined tolerance level, a high integrity survey 1s gener-
ated. Otherwise, the DGPS baseline calculation can be reset
and the process can be repeated.

In one configuration, a flexure monitor algorithm can
provide precise monitoring of structure flexure during sys-
tem operation. The flexure monitoring algorithm can be
divided into approximately six steps. Step 1 can include
inputting or receiving the double difference carrier phase
measurement data, the resolved integer ambiguities, and the
existing survey vector. Step 2 can include computing the
baseline vectors or baseline correction vectors using 0x=
(G"WG) "G Wg'. Step 3 can include inputting or receiving
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a high integrity attitude to rotate the baseline vectors to the
body frame. Step 4 can include comparing the baseline
correction vector to an existing survey vector. Step 5 can
include averaging the estimated survey errors between the
baseline correction vector and the existing survey vector.
Step 6 can include comparing the errors to a desired thresh-
old and flagging, or inflating sigmas, for tlexure measure-
ments that exceed a defined level.

FIG. 14 depicts a flow chart 1400 of a method for

correcting a misalignment between an iertial measurement
unit (IMU) and a moving platform. The method can be
executed as instructions on a machine, where the instruc-
tions are included on at least one computer readable medium
or one non-transitory machine readable storage medium.
The method can be implemented using one or more proces-
sors of the machine. The method can include the operation
of 1dentifying a first attitude of the moving platform based
on a truth source, as 1n block 1410. The method can include
the operation of calculating a second attitude of the moving
platiorm using IMU measurements, the IMU being installed
on the moving platform, as 1n block 1420. The method can
include the operation of calculating a delta attitude from a
difference between the first attitude and the second attitude,
as 1n block 1430. The method can include the operation of
removing natural error from the delta attitude using a first
low pass filter to produce an angular misalignment value
between axes of the IMU and axes of the moving platform,
as 1n block 1440. The method can include the operation of
determining a total misalignment value by adding the angu-
lar misalignment value to a baseline misalignment value, the
IMU 1ncorporating the total misalignment value for subse-
quent attitude measurements of the moving platform in order
to produce substantially accurate attitude measurements of
the moving platform when the axes of the IMU are mis-
aligned with the axes of the moving platform, as 1n block
1450.

In one example, the method can further include the
operations of: providing a mean of the natural error from the
delta attitude to a second low pass filter; determining that the
mean of the natural error 1s less than a defined threshold; and

using the angular misalignment value to determine the total
misalignment value. In addition, the method can include the
operations of: determining that the mean of the natural error
1s greater than a defined threshold; and recalculating the
angular misalignment value using an updated first attitude
and the second attitude.

In one example, the first low pass filter has a first time
constant (T, ) and the second low pass filter has a second time
constant (T,), wherein T, 1s substantially less than T,. In
another example, the operation of incorporating the total
misalignment value at the IMU for the subsequent attitude
measurements 1s eflectively similar to physically realigning
the axes of the IMU with the axes of the moving platform in
order to correct the misalignment. In yet another example,
the method can include the operation of momitoring an
accuracy level for the subsequent attitude measurements of
the moving platform from the IMU for a defined period of
time, wherein the accuracy level 1s monitored by comparing
the subsequent attitude measurements with the truth source.

In one configuration, the step of determining the second
attitude of the moving platform 1s performed using global
position system (GPS) measurements i combination with
the IMU measurements. In another configuration, the mov-
ing platform includes a ship or an aircraft. In yet another
configuration, the truth source 1s a real time attitude deter-
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mination (RTAD) system. In addition, the truth source
provides rotational angles of roll, pitch and yaw 1n real-time
of the platform.

FIG. 15 depicts a flow chart 1500 of a method for
correcting a misalignment between an mertial measurement
unit (IMU) and a platform. The method can be executed as
instructions on a machine, where the instructions are
included on at least one computer readable medium or one
non-transitory machine readable storage medium. The
method can be implemented using one or more processors of
the machine. The method can include the operation of
calculating a current attitude of the platform using measure-
ments from the IMU, wherein the IMU 1s 1nstalled on the
platform, as 1n block 1510. The method can include the
operation of comparing the current attitude to a known
attitude of the platform 1n order to determine a delta attitude,
as 1n block 1520. The method can include the operation of
removing natural error from the delta attitude to produce an
angular misalignment value between axes of the IMU and
axes of the platform, as in block 1530. The method can
include the operation of determining a total misalignment
value by adding the angular misalignment value to a base-
line misalignment value, as 1 block 1540. The method can
include the operation of performing attitude measurements
of the platform using the total alignment value, wherein the
misalignment between the IMU and the platiorm 1s eflec-
tively corrected when using the total alignment value, as 1n
block 1550.

In one example, the known attitude of the platform 1s
determined using a truth source, the truth source including
a real time attitude determination (RTAD) system. In another
example, the step of calculating the current attitude of the
platform 1s performed using global position system (GPS)
measurements in combination with the IMU measurements.
In yet another example, the step of removing natural error
from the delta attitude 1s performed using a first low pass
f1lter.

In one example, the method can 1include the operations of:
providing a mean of the natural error from the delta attitude
to a second low pass filter; determining that the mean of the
natural error 1s less than a defined threshold; and using the
angular misalignment value to determine the total misalign-
ment value. In another example, the method can include the
operations of: determining that the mean of the natural error
1s greater than a defined threshold; and recalculating the
angular misalignment value using an updated current atti-
tude and the known attitude.

FIG. 16 1s a system 1600 for correcting a misalignment
between an inertial measurement unit (IMU) and a platform.
The system 1600 can include an inertial measurement unit
(IMU) 1602 1nstalled on the platform. The system 1600 can
include a truth source 1604 operable to provide a known
attitude of the platform. The system 1600 can include a
misalignment correction module 1606 configured to identify
the known attitude of the platform using the truth source
1604; calculate a current attitude of the platform using
measurements from the IMU 1602; calculate the delta
attitude from a difference between the first attitude and the
second attitude; determine an angular misalignment value
between axes ol the IMU 1602 and axes of the moving
platform using the delta attitude; i1dentily a natural error
from the angular misalignment value; determine that a mean
of the natural error i1s less than a defined threshold; and
determine a total misalignment value by adding the angular
misalignment value to a baseline misalignment value, the
IMU 1602 incorporating the total misalignment value for
subsequent attitude measurements of the moving platform 1n
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order to produce substantially accurate attitude measure-
ments of the moving platform when the axes of the IMU
1602 are misaligned with the axes of the moving platform.

In one example, the system 1600 can include a monitoring,
module 1608 configured to monitor an accuracy level of the
subsequent attitude measurements of the moving platform
from the IMU 1602 for a defined period of time, wherein the
accuracy level 1s monitored by comparing the subsequent
attitude measurements with the truth source 1604. In another

example, the platform includes a ship or an aircraft. In yet
another example, the truth source 1604 is a real time attitude
determination (RTAD) system.

FIG. 17 depicts an exemplary flow chart of a method for
surveying sensor locations on a physical platform. The
method can be executed as 1nstructions on a machine, where
the instructions are included on at least one computer
readable medium or one non-transitory machine readable
storage medium. The method can be implemented using one
or more processors of the machine. The method can 1nclude
the operation of calculating an estimated baseline vector
between a temporary navigation sensor and each fixed
navigation sensor in a group of fixed navigation sensors, the
temporary navigation sensor being temporarily placed on the
physical platform, the fixed navigation sensors being
installed on the physical platform, as 1n block 1710. The
method can 1include the operation of successively calculating,
a refined baseline vector between the temporary navigation
sensor and each fixed navigation sensor by fixing carrier
phase integer ambiguities that are variables used in the
estimation of the approximate baseline vector, as 1n block
1720. The method can include the operation of generating a
final survey vector between the temporary navigation sensor
and each of the fixed navigation sensors using the refined
baseline vector, as 1n block 1730.

In one example, the carrier phase integer ambiguities are
successively fixed using an external source. In another
example, the carrier phase ambiguities are successively
fixed from a longer wavelength to a shortest fixable wave-
length 1n a bootstrap process.

In one example, divergence-iree smoothing 1s continually
performed to reduce pseudorange measurement error,
thereby enabling successive fixing of the carrier phase
integer ambiguities and refining of baseline vectors. In one
example, the carrier phase integer ambiguities are succes-
sively fixed 1n a wavelength order of wide-lane, L2, L1, and
up to narrow-lane ambiguities.

In one example, the carrier phase ambiguities are succes-
sively fixed with high integrity from a longer wavelength to
a shortest fixable wavelength 1n a bootstrap process using
the temporary navigation sensor and a subset of fixed
navigation sensors. In one example, the estimated baseline
vector between the temporary navigation sensor and each
fixed navigation sensor in the group of fixed navigation 1s
determined using an initial survey from an external source.

In one example, the method can further comprise the
operation of: verifying final survey results on a fixed plat-
form to further ensure high integrity, wherein the verification
1s performed after final refined baseline vectors and associ-
ated carrier phase integer ambiguities are determined,
wherein the step of verifying includes: calculating carrier
phase measurement residuals for each pair of navigation
sensors; collecting and analyzing carrier phase residual
statistics over a time period; and performing statistical tests
to ensure that the carrier phase measurement residuals
comply with an expected distribution given the final survey
accuracy.
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In one example, the method can further comprise the
operation of: verilying final survey results on a mobile
platform to further ensure high integrity, wherein the veri-
fication 1s performed after final refined baseline vectors are
determined, wherein the step of veriiying includes: mnputting
measurements from a plurality of navigation sensors into a
Real Time Attitude Determination System (RTAD) algo-
rithm to resolve the carrier phase integer ambiguities with
high integrity and an attitude of the mobile platform; cal-
culating carrier phase measurement residuals for each pair of
navigation sensors; collecting and analyzing carrier phase
residual statistics over a time period; and performing statis-
tical tests to ensure that the carrier phase measurement
residuals comply with an expected distribution given the
final survey accuracy. In another example, the method can
further include the operation of verifying that estimated
survey residuals of the refined baseline vector are below a
defined threshold.

In one example, the method can include the operation of
translating the refined baseline vector into a local coordinate
system using an attitude of the physical platform when the
physical platform 1s mobile, the attitude being calculated
using a truth source, the truth source being a real time
attitude determination (RTAD) system. In another example,
the temporary navigation sensor and the fixed navigation
sensors are global positioning systems (GPS) sensors that
are included 1n a navigation aid operate to guide an aircraft
to land on the landing platform. In yet another example, the
method can include the operation of providing the refined
baseline vector to a {ilter 1n order to perform error correc-
tion.

In one configuration, the method can include the opera-
tion of verilying that the carrier phase ambiguities of the
refined baseline vector are below a defined threshold. In
another configuration, the temporary navigation sensor 1s
temporarily placed at a touchdown point within the physical
platform. In yet another configuration, the step of calculating
the estimated baseline vector 1s performed using differential
global positioning system (GPS) techmiques.

In one example, the step of calculating the estimated
baseline vector includes using carrier phase measurements
and pseudo range measurements from the temporary navi-
gation sensor and each fixed navigation sensor in the group
of fixed navigation sensors. In another example, the method
can include the operation of removing the temporary navi-
gation sensor from the physical platform after calculation of
the refined baseline vector. In yet another example, the
carrier phase 1nteger ambiguities are corrected in the
approximate baseline vector using an external high integrity
source, wherein the source 1s a real time attitude determi-
nation (RTAD) system. In one configuration, the step of
calculating the refined baseline vector (0x) 1s performed
using dx=(G'WG) 'G'Wq', wherein G is a line of sight
geometry matrix, T 1s the matrix transpose operation, W 1s
a weighting matrix, and @' 1s an ambiguity-resolved carrier
phase measurement. Additionally, ¢'=@-AN=G0x+e,
wherein ¢=Gox+AN+¢e, wherein @ 1s an 1nitial carrier phase
measurement, A 1s a wavelength of ¢, N 1s a carrier phase
ambiguity, and € 1s measurement error.

FIG. 18 depicts an exemplary flow chart of a method for
verilying survey results for sensors on a physical platform.
The method can be executed as instructions on a machine,
where the mstructions are included on at least one computer
readable medium or one non-transitory machine readable
storage medium. The method can be implemented using one
or more processors of the machine. The method can include
the operation of computing an estimated baseline vector
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between each pair of sensors on the physical platform, the
sensors being mounted on the physical platiorm, as 1n block
1810. The method can include the operation of calculating a
refined baseline vector between the pair of sensors by
correcting carrier phase integer ambiguities 1n the estimated
baseline vector, the carrier phase ambiguities being cor-
rected using a truth source, as in block 1820. The method can
include the operation of comparing the refined baseline
vector to a previously surveyed baseline vector for the pair
of sensors, the comparison producing a survey error of the
refined baseline vector with respect to the previously sur-
veyed baseline vector, as 1n block 1830.

In one example, the carrier phase integer ambiguities are
fixed using a high integrity external source. In another
example, the carrier phase integer ambiguities are succes-
sively fixed with high integrity from a longer wavelength to
a shortest fixable wavelength 1n a bootstrap process using
the temporary navigation sensor and a subset of fixed
navigation sensors. In another example, the method can
include the operation of generating an alert when the survey
error 1s not within a predefined threshold. In addition, the
estimated baseline vector 1s determined using an existing
surveyed baseline vector.

In one example, the refined baseline vector indicates a
three dimensional (3D) displacement measurement between
the pair of sensors included 1n the navigation aid. In another
example, the sensors included in the navigation aid are
global positioning system (GPS) sensors that include GPS
antennas. In yet another example, the truth source 1s a real
time attitude determination (RTAD) system.

In one configuration, the method can include the opera-
tion of translating the refined baseline vector into a local
coordinate system using an attitude of the physical platiorm,
the attitude being calculated using a high accuracy and
integrity attitude source. In another configuration, the step of
calculating the refined baseline vector (0x) 1s performed
using dx=(G'WG)'G'Wgq', wherein G is a line of sight
geometry matrix, T 1s the matrix transpose operation, W 1s
a weighting matrix, and @' 1s an ambiguity-resolved carrier
phase measurement. In addition, the method can include the
operation of providing the survey error to a smoothing filter
for a defined period of time.

FIG. 19 depicts an exemplary flow chart of a method for
monitoring flexure of a physical platiorm. The method can
be executed as instructions on a machine, where the 1nstruc-
tions are included on at least one computer readable medium
or one¢ non-transitory machine readable storage medium.
The method can be implemented using one or more proces-
sors of the machine. The method can include the operation
of computing an estimated baseline vector between each pair
of global positioning system (GPS) sensors on the physical
platform, the GPS sensors being mounted on the physical
plattorm, as 1 block 1910. The method can include the
operation of calculating a refined baseline vector between
the pair ol GPS sensors by correcting carrier phase integer
ambiguities in the estimated baseline vector, the carrier
phase integer ambiguities being fixed using an external
source, as 1n block 1920. The method can include the
operation of comparing the refined baseline vector to a
previously surveyed baseline vector for the pair of GPS
sensors, the comparison producing a time-dependent tlexure
motion vector between the pair of GPS sensors, as 1n block
1930.

In one example, the method can further include the
operation of generating an alert when the time-dependent
tflexure motion vector 1s not within a predefined threshold. In
another example, the method can further include the opera-
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tion of generating an alert when a statistical test indicates
that the level of flexure motion 1s not within a predefined
threshold.

In one example, the step of calculating the refined base-
line vector (8x) is performed using dx=(G'WG)'G'Wq',
wherein G 1s a line of sight geometry matrix, T 1s the matrix
transpose operation, W 1s a weighting matrix, and ¢' 1s an
ambiguity-resolved carrier phase measurement. In another
example, the method can include the operation of translating
the refined baseline vector into a local coordinate system
using an attitude of the physical platform, the attitude being
calculated using a high integrity and accuracy attitude
source. In yet another example, the step of computing the
approximate baseline vector includes using carrier phase
measurements between the pair of GPS sensors. In addition,
the method can include the operation of providing the survey
error to a smoothing filter for a defined period of time.

FIG. 20 depicts an exemplary flow chart of a method for
monitoring small relative movement within an otherwise

rigid structure or between otherwise relatively stationary
structures. The method can be executed as instructions on a
machine, where the instructions are included on at least one
computer readable medium or one non-transitory machine
readable storage medium. The method can be implemented
using one or more processors of the machine. The method
can include the operation of installing sensors at various
surveved monitoring points on the structure(s), as 1n block
2010. The method can include the operation of using the
existing surveyed baseline vector between each pair of
sensors on the structure(s), as in block 2020. The method can
include the operation of calculating a refined baseline vector
between the pair of sensors by correcting carrier phase
integer ambiguities in the estimation of baseline vector, the
carrier phase integer ambiguities being fixed at the shortest
fixable wavelength using a subset of fixed navigation sen-
sors 1nstalled on the structure(s), as i block 2030. The
method can include the operation of comparing the refined
baseline vector to a previously surveyed baseline vector for
the pair of sensors, the comparison producing a time-
dependent relative motion vector between the two installa-
tion points associated with the pair of sensors, as 1 block
2040.

In one example, divergence-iree smoothing 1s continually
performed to reduce pseudorange measurement error,
thereby enabling carrier phase mteger ambiguity fixing at a
shortest fixable wavelength. In another example, the carrier
phase integer ambiguities are fixed with high integrity using
algorithms and a time-dependent relative motion vector 1s
calculated with high integrity.

Various technmiques, or certain aspects or portions thereof,
may take the form of program code (i.e., instructions)
embodied 1n tangible media, such as tloppy diskettes, CD-
ROMs, hard drives, non-transitory computer readable stor-
age medium, or any other machine-readable storage medium
wherein, when the program code 1s loaded 1nto and executed
by a machine, such as a computer, the machine becomes an
apparatus for practicing the various techniques. In the case
of program code execution on programmable computers, the
computing device may include a processor, a storage
medium readable by the processor (including volatile and
non-volatile memory and/or storage elements), at least one
iput device, and at least one output device. The volatile and
non-volatile memory and/or storage elements may be a
RAM, EPROM, flash drive, optical drive, magnetic hard
drive, or other medium for storing electronic data. The
satellite may also include a transceiver module, a counter
module, a processing module, and/or a clock module or
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timer module. One or more programs that may implement or
utilize the various techniques described herein may use an
application programming interface (API), reusable controls,
and the like. Such programs may be implemented 1n a high
level procedural or object oriented programming language to
communicate with a computer system. However, the pro-
gram(s) may be implemented in assembly or machine lan-
guage, 11 desired. In any case, the language may be a
compiled or mterpreted language, and combined with hard-
ware 1mplementations.

It should be understood that many of the functional units
described in this specification have been labeled as modules,
in order to more particularly emphasize their implementa-
tion independence. For example, a module may be imple-
mented as a hardware circuit comprising custom VLSI
circuits or gate arrays, ofl-the-shelf semiconductors such as
logic chips, transistors, or other discrete components. A
module may also be implemented in programmable hard-
ware devices such as field programmable gate arrays, pro-
grammable array logic, programmable logic devices or the
like.

Modules may also be implemented 1n software for execu-
tion by various types of processors. An 1dentified module of
executable code may, for instance, comprise one or more
physical or logical blocks of computer instructions, which
may, for instance, be organized as an object, procedure, or
function. Nevertheless, the executables of an identified
module need not be physically located together, but may
comprise disparate instructions stored in different locations
which, when joined logically together, comprise the module
and achieve the stated purpose for the module.

Indeed, a module of executable code may be a single
instruction, or many instructions, and may even be distrib-
uted over several diflerent code segments, among different
programs, and across several memory devices. Similarly,
operational data may be identified and illustrated herein
within modules, and may be embodied 1n any suitable form
and organized within any suitable type of data structure. The
operational data may be collected as a single data set, or may
be distributed over different locations including over differ-
ent storage devices, and may exist, at least partially, merely
as electronic signals on a system or network. The modules
may be passive or active, including agents operable to

perform desired functions.

Reference throughout this specification to “an example”™
or “exemplary” means that a particular {feature, structure, or
characteristic described 1n connection with the example 1s
included 1n at least one embodiment of the present invention.
Thus, appearances of the phrases “in an example” or the
word “exemplary” in various places throughout this speci-
fication are not necessarily all referring to the same embodi-
ment.

As used herein, a plurality of items, structural elements,
compositional elements, and/or materials may be presented
in a common list for convenience. However, these lists
should be construed as though each member of the list 1s
individually identified as a separate and unique member.
Thus, no individual member of such list should be construed
as a de facto equivalent of any other member of the same list
solely based on their presentation 1 a common group
without indications to the contrary. In addition, various
embodiments and example of the present invention may be
referred to herein along with alternatives for the various
components thereof. It 1s understood that such embodiments,
examples, and alternatives are not to be construed as defacto
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equivalents of one another, but are to be considered as
separate and autonomous representations of the present
invention.
Furthermore, the described features, structures, or char-
acteristics may be combined in any suitable manner 1n one
or more embodiments. In the following description, numer-
ous specific details are provided, such as examples of
layouts, distances, network examples, etc., to provide a
thorough understanding of embodiments of the invention.
One skilled in the relevant art will recognize, however, that
the mvention can be practiced without one or more of the
specific details, or with other methods, components, layouts,
etc. In other instances, well-known structures, materials, or
operations are not shown or described i detail to avoid
obscuring aspects of the invention.
While the forgoing examples are illustrative of the prin-
ciples of the present invention 1 one or more particular
applications, it will be apparent to those of ordinary skill 1n
the art that numerous modifications in form, usage and
details of implementation can be made without the exercise
of mventive faculty, and without departing from the prin-
ciples and concepts of the mvention. Accordingly, 1t 1s not
intended that the invention be limited, except as by the
claims set forth below.
What 1s claimed 1s:
1. A method for surveying sensor locations on a physical
platform, the method comprising:
under control of at least one hardware processor and
memory configured with executable 1nstructions:

recerving signals from a temporary navigation sensor and
a group ol fixed navigation sensors, the temporary
navigation sensor being temporarily placed on the
physical platform, the fixed navigation sensors being
installed on the physical platform;
using the signals to calculate an estimated baseline vector
between the temporary navigation sensor and each
fixed navigation sensor in the group of {ixed navigation
SeNSsOors;

successively calculating a refined baseline vector between
the temporary navigation sensor and each fixed navi-
gation sensor by fixing carrier phase mteger ambigui-
ties that are variables used 1n the estimation of the
baseline vector; and

generating a final survey vector between the temporary

navigation sensor and each of the fixed navigation
sensors using the refined baseline vector.

2. The method of claim 1, wherein the carrier phase
integer ambiguities are successively fixed using an external
source.

3. The method of claim 1, wherein the carrier phase
integer ambiguities are successively fixed from a longer
wavelength to a shortest fixable wavelength 1n a bootstrap
Process.

4. The method of claim 1, wherein divergence-iree
smoothing 1s continually performed to reduce pseudorange
measurement error, thereby enabling successive fixing of the
carrier phase mteger ambiguities and refining of baseline
vectors.

5. The method of claim 1, wherein the carrier phase
integer ambiguities are successively fixed 1 a wavelength
order of wide-lane, .2, L1, and up to narrow-lane ambigui-
ties.

6. The method of claim 1, wherein the carrier phase
integer ambiguities are successively fixed with high integrity
from a longer wavelength to a shortest fixable wavelength 1n
a bootstrap process using the temporary navigation sensor
and a subset of fixed navigation sensors.
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7. The method of claim 1, wherein the estimated baseline
vector between the temporary navigation sensor and each
fixed navigation sensor 1n the group of fixed navigation 1s
determined using an initial survey from an external source.

8. The method of claim 1, further comprising translating
the refined baseline vector mto a local coordinate system
using an attitude of the physical platform when the physical
platform 1s mobile, the attitude being calculated using a high
accuracy and integrity source.

9. The method of claim 1, further comprising verifying
final survey results on a fixed platform to further ensure high
integrity, wherein the verification 1s performed after final
refined baseline vectors and associated carrier phase integer
ambiguities are determined, wherein the step of veritying
includes:

calculating carrier phase measurement residuals for each

pair of navigation sensors;

collecting and analyzing carrier phase residual statistics

over a time period; and

performing statistical tests to ensure that the carrier phase

measurement residuals comply with an expected dis-
tribution given a final survey accuracy.

10. The method of claim 1, further comprising veriiying
final survey results on a mobile platform to further ensure
high integrity, wherein the verification i1s performed after
final refined baseline vectors are determined, wherein the
step of verifying includes:

inputting measurements from a plurality of navigation

sensors 1nto a Real Time Attitude Determination Sys-
tem (RTAD) algorithm to resolve the carrier phase
integer ambiguities with high integrity and an attitude
of the mobile platform:;

calculating carrier phase measurement residuals for each

pair of navigation sensors,

collecting and analyzing carrier phase residual statistics

over a time period,

performing statistical tests to ensure that the carrier phase

measurement residuals comply with an expected dis-
tribution given a final survey accuracy.

11. The method of claim 1, wherein the temporary navi-
gation sensor and the fixed navigation sensors are global
positioning systems (GPS) sensors.

12. The method of claim 1, further comprising providing
the refined baseline vector to a filter 1n order to perform error
correction.

13. The method of claim 1, further comprising verifying
that estimated survey residuals of the refined baseline vector
are below a defined threshold.

14. The method of claim 1, wherein the temporary navi-
gation sensor 1s temporarily placed at a touchdown point
within the physical platform.

15. The method of claim 1, wherein the step of calculating
the estimated baseline vector 1s performed using differential
global positioning system (GPS) techniques.

16. The method of claim 1, wherein the step of calculating
the estimated baseline vector includes using carrier phase
measurements and pseudo range measurements from the
temporary navigation sensor and each fixed navigation sen-
sor 1n the group of fixed navigation sensors.

17. The method of claim 1, further comprising removing
the temporary navigation sensor from the physical platform
after calculation of the refined baseline vector.

18. The method of claim 1, wherein the carrier phase
integer ambiguities are corrected 1n the estimated baseline
vector using an external integer ambiguity resolution source,
wherein the mteger ambiguity source 1s a real time attitude
determination (RTAD) system.
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19. The method of claim 1, wherein the step of calculating
the refined baseline vector (0x) 1s performed using 0x=
(G"WG) 'G'"Wq', wherein G is a line of sight geometry
matrix, T 1s a matrix transpose operation, W 1s a weighting
matrix, and ¢' 1s an ambiguity-resolved carrier phase mea-
surement.
20. The method of claim 19, wherein ¢'=@p-AN=G0x+¢,
wherein ¢=Gox+AN+e, wherein ¢ 1s an initial carrier phase
measurement, A 15 a wavelength of ¢, N 1s a carrier phase
integer ambiguity, and ¢ 1s measurement error.
21. A method for veritying survey results for sensors on
a physical platform, the method comprising:
under control of at least one hardware processor and
memory configured with executable 1nstructions:

receiving signals from the sensors on the physical plat-
form, the sensors being mounted on the physical plat-
form;
using the signals to compute an estimated baseline vector
between each pair of sensors on the physical platform;

calculating a refined baseline vector between the pair of
sensors by correcting carrier phase iteger ambiguities
in the estimated baseline vector; and
comparing the refined baseline vector to a previously
surveyed baseline vector for the pair of sensors, the
comparison producing a survey error of the refined
baseline vector with respect to the previously surveyed
baseline vector.
22. The method of claam 21, wherein the carrier phase
integer ambiguities are fixed using a high integrity external
source.
23. The method of claim 21, wherein the carrier phase
integer ambiguities are successively fixed with high integrity
from a longer wavelength to a shortest fixable wavelength 1n
a bootstrap process using a temporary navigation sensor and
a subset of fixed navigation sensors.
24. The method of claim 21, further comprising generat-
ing an alert when the survey error 1s not within a predefined
threshold.
25. The method of claim 21, wherein the estimated
baseline vector 1s determined using an existing surveyed
baseline vector.
26. The method of claim 21, wherein the refined baseline
vector indicates a three dimensional (3D) displacement
measurement between the pair of sensors.
27. The method of claam 21, wherein the sensors are
global positioning system (GPS) sensors that include GPS
antennas.
28. The method of claim 21, further comprising translat-
ing the refined baseline vector 1nto a local coordinate system
using an attitude of the physical platform, the attitude being
calculated using a high accuracy attitude source.
29. The method of claim 21, wherein the step of calcu-
lating the refined baseline vector (0x) 1s performed using
3x=(G*WG)'G'wq', wherein G is a line of sight geometry
matrix, T 1s a matrix transpose operation, W 1s a weighting
matrix, and @' 1s an ambiguity-resolved carrier phase mea-
surement.
30. The method of claim 21, further comprising providing,
the survey error to a smoothing filter for a defined period of
smoothing time.
31. A method for monitoring flexure of a physical plat-
form, the method comprising:
under control of at least one hardware processor and
memory configured with executable mstructions:

recerving signals from global positioning system (GPS)
sensors on the physical platform, the GPS sensors
being mounted on the physical platform;




US 10,114,126 B2

41

using the signals to compute an estimated baseline vector
between each pair of the GPS sensors on the physical

platform;

calculating a refined baseline vector between each pair of

the GPS sensors by correcting carrier phase integer
ambiguities 1n the estimated baseline vector, the carrier
phase iteger ambiguities being fixed using an external
source; and

comparing the refined baseline vector to a previously

surveyed baseline vector for each pair of the GPS
sensors, the comparison producing a time-dependent
flexure motion vector between each pair of the GPS
SeNsors.

32. The method of claim 31, further comprising generat-
ing an alert when the time-dependent tlexure motion vector
1s not within a predefined threshold.

33. The method of claim 31, further comprising generat-
ing an alert when a statistical test indicates that a level of the
time-dependent flexure motion 1s not within a predefined

threshold.

34. The method of claim 31, wherein the step of calcu-
lating the refined baseline vector (0x) 1s performed using
3x=(G*WG)-1 GTW¢q', wherein G is a line of sight geom-
etry matrix, T 1s a matrix transpose operation, W 1s a
welghting matrix, and @' 1s an ambiguity-resolved carrier

phase measurement.

35. The method of claim 31, further comprising translat-
ing the refined baseline vector 1into a local coordinate system
using an attitude of the physical platform, the attitude being,
calculated using a high accuracy and integrity attitude
source.
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36. A method for monitoring small relative movement

within an otherwise rigid structure or between otherwise
relatively stationary structures, the method comprising:

under control of at least one hardware processor and
memory configured with executable mstructions:

recetving signals from pairs of sensors installed at various
surveyed monitoring points on one or more structures;

computing surveyed baseline vector between the pairs of
sensors using the signals recerved from the pairs of
SeNSsOors;

using the surveyed baseline vector between the pairs of

sensors on the one or more structures;

calculating a refined baseline vector between the pair of
sensors by correcting carrier phase mteger ambiguities
in an estimation of baseline vector, the carrier phase
integer ambiguities being fixed at an shortest fixable
wavelength using a subset of fixed navigation sensors
installed on the one or more structures; and

comparing the refined baseline vector to a previously
surveyed baseline vector for the pair of sensors, the
comparison producing a time-dependent relative
motion vector between the two installation points asso-
ciated with the pair of sensors.

37. The method of claim 36, wherein divergence-iree
smoothing 1s continually performed to reduce pseudorange
measurement error, thereby enabling carrier phase integer
ambiguity fixing at a shortest fixable wavelength.

38. The method of claim 36, wherein the carrier phase
integer ambiguities are fixed with high integrity using algo-
rithms and a time-dependent relative motion vector 1s cal-
culated with high integrity.
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